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(4)  INTRODUCTION; 


the  subheading  Neuroprotection  by  Progesterone.  The  scope  of  the  original  project  has 
expanded  due  to  two  different  altered  statements  of  work  that  were  approved  and  supported  by 
supplement  awards.  The  first  altered  statement  of  work  (supplement  award  active  August  9, 
2001)  is  for  pilot  tests  of  progesterone  neuroprotection  using  a  rat  traumatic  brain  injury  model. 
Progress  on  this  subproject  is  described  under  the  subheading  of  Neuroprotection  by  Gonadal 
Hormones  in  Traumatic  Brain  Injury.  The  second  statement  of  work  (supplement  award 
active  February  13,  2002)  is  for  projects  described  under  the  subheadings  Mitochondrial  Free 


Radical  Generation  in  Parkinson’s  Disease  and  Calcium-Neurotrophin  Interactions  in 


Neurodegenerative  Disorders. 


(5)  BODY: 

A.  Neuroprotection  by  Progesterone 

The  specific  hypotheses  to  be  tested  are  as  follows: 

1.  Progesterone  protects  against  neuronal  death  caused  by  kainic  acid-induced  status 
epilepticus  in  vivo  and  excitotoxicity-induced  neuronal  death  in  vitro. 

2.  Excitotoxic  levels  of  glutamate  down-regulate  the  expression  of  mitochondrial  genes, 
e.g.,  cytochrome  oxidase,  both  in  vitro  and  in  vivo. 
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3.  A  mechanism  of  neuroprotection  by  progesterone  is  the  up-regulation  of 
mitochondrial  gene  expression,  thereby  increasing  the  resistance  of  neurons  to 
excitotoxicity. 

APPROVED  STATEMENT  OF  WORK 
Years  1-3 

Objective  1:  Dose-response  for  progesterone  and  estrogen  alone  and  in  combination. 
Effects  of  5a  reductase  inhibition  (Finasteride)  and  progesterone  receptor  blockade 
(RU486)  on  neuroprotection  by  progesterone. 

Our  studies  (see  Appendix  manuscript  Hoffman  et  al.)  established  that  progesterone 
administration  attenuates  seizure  severity  induced  by  kainic  acid  (KA)  in  a  dose-dependent 
fashion.  In  particular,  we  found  that  administration  of  progesterone  (P)  at  doses  that  produce 
plasma  P  levels  between  10-36  ng/ml  resulted  in  a  significant  attenuation  of  seizure  severity; 
administration  of  P  resulting  in  plasma  P  levels  greater  that  40  ng/ml  produced  no  attenuation  in 
seizure  severity.  By  contrast,  administration  of  estrogen,  at  either  high  or  low  physiological 
levels  had  no  effect  on  KA-induced  seizures.  Indeed,  no  significant  difference  was  observed  in 
seizure  severity  scores  for  E  treated  animals  in  comparison  to  animals  receiving  no  hormone 
replacement. 

The  results  of  these  studies  clearly  demonstrated  that  P  administration  at  physiological 
levels  significantly  reduces  KA-induced  seizures.  However,  in  naturally  cycling  women,  or 
women  receiving  either  hormone  replacement  therapy  or  taking  birth  control,  both  estrogen  and 
progesterone  are  present.  Therefore,  in  our  next  series  of  experiments,  we  examined  the  effect  of 
estrogen  and  progesterone  co-administration  on  KA-induced  seizures. 
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Estrogen  and  Progesterone  Co-Administration 


Adult  female  Sprague-Dawley  rats  (200-225  g)  were  used  for  these  experiments.  Seven  days 
following  ovariectomy,  animals  were  implanted  with  estrogen  pellets  (Estradiol- 170) 
manufactured  to  produce  either  high  E  (0,5  mg/21  days)  or  low  E  (0,lmg/21  days),  progesterone 
filled  silastic  capsules  designed  to  achieve  plasma  progesterone  levels  of  20-4  ng/ml,  or  a 
combination  of  the  two.  Seven  days  later,  the  animals  were  injected  with  KA  (8.5  mg/kg;  i.p.) 
and  their  behavior  monitored  for  seizure  activity  for  6  hrs  post-injection  by  a  person  blind  to 
animal  treatment.  Following  the  6  hr  observation  period,  animals  were  given  a  seizure  severity 
composite  score  that  ranged  from  0  (no  seizures)  to  5  (death)  based  on  a  modification  of  the 
Lothman  scale.  Ninety-six  hours  after  KA  administration,  animals  were  perfused  transcardially 
with  saline  followed  by  fixative  and  their  brains  removed  and  allowed  to  sink  in  sucrose.  Brain 
sections  were  cut  at  25  pm  using  a  freezing  microtome  and  stored  in  a  cryoprotectant-antifreeze 
solution  until  immunoeytochemieal  staining  was  initiated.  Experiments  using 
immunoeytoehemical  localization  of  neuronal  nuclear  antigen  in  E,  P  and  E+P  treated  animals 
are  currently  underway. 

The  effect  of  E,  P  or  E+P  administration  on  KA-induced  seizures  are  shown  in  Figure  1. 
In  agreement  with  our  previous  studies,  P  administration  (plasma  P  levels  ranging  from  20-40 
ng/ml)  significantly  reduced  seizure  severity  in  comparison  to  control  animals  receiving  no 
hormone  (U=27,  p<0.01).  E  administration,  at  either  the  high  or  low  dose,  had  no  significant 
effect  on  KA-induced  seizures  (Low  E,  U=94,  p>0.05;  High  E,  U81.5,  p>0.05  in  comparison  to 
control  KA  treated  animals). 
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The  effect  of  E+P  eo-administration  on  seizure  severity  was  dependent  on  the  dose  of 
Estrogen,  For  the  P  +  low  Estrogen  condition  (mean  plasma  E  level  42.4  +  6  ng/ml),  seizure 
severity  scores  increased  from  1.46  +  .21  for  P  alone,  to  2.11  +  .64  for  low  E+P  (U=40.0, 
p>0,05),  and  were  not  significantly  different  from  the  low  E  alone  condition:  mean  seizure  score, 
2.47  +  .38  (U=32.0,  p>0,05).  For  the  high  E  condition  (mean  plasma  E  level  242.4  +  32.6),  co¬ 
administration  of  P  significantly  reduced  seizure  severity:  mean  seizure  score  for  high  E  alone, 
3.03  +  .30  versus  1.70  +  ,20  for  P+E  high,  U=6,0,  p<0.05). 

The  results  of  these  studies  indicate  that  E+P  co-administration  produces  a  dose 
dependent  effect  on  KA-induced  seizure  severity.  Low  physiological  levels  of  E,  along  with  P, 
produced  a  slight  increase  in  seizure  severity  in  comparison  to  animals  receiving  P  alone.  By 
contrast,  animals  receiving  supraphysiological  levels  of  E  in  conjunction  with  P,  had  seizure 
severity  scores  that  were  comparable  to  animals  receiving  P  alone  (i.e.,  were  significantly 
suppressed).  In  our  previous  studies,  we  reported  that  while  animals  receiving  E  treatment  alone 
displayed  very  high  seizure  activity  following  KA,  these  animals  had  very  little  neuronal  loss 
within  the  hippocampus.  By  contrast,  animals  receiving  P  alone  at  doses  that  suppressed  seizures 
had  little  damage  to  the  hippocampus,  but  animals  that  received  high  doses  of  P  displayed  high 
levels  of  seizure  behavior  following  KA  and  sustained  a  high  degree  of  hippocampal  neuronal 
loss.  We  are  currently  examining  the  brain  sections  from  the  high  E+P  treated  animals.  Based  on 
our  previous  data,  we  predict  that  co-administration  of  high  E+P  will  result  in  a  significant 
attenuation  of  hippocampal  neuronal  loss  in  comparison  to  P  alone,  and  that  low  E+P  while 
unable  to  significantly  reduce  seizures,  will  attenuate  damage  from  the  seizures.  These  results 
may  have  profound  implications  on  the  future  design  of  pharmacological  intervention  for  the 
alleviation  of  epileptic  seizures. 
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Mechanisms  Underlying  Progesterone  Modulation  of  Seizure  Severity 

The  results  of  our  previous  studies  have  clearly  established  that  progesterone 
administration  significantly  attenuates  KA-induced  seizure  behavior.  There  are  two  primary 
mechanisms  by  which  P  may  be  acting:  (1)  P  may  bind  to  its  classical  nuclear  receptor,  PR,  and 
influence  subsequent  target  gene  transcription;  or  (2)  progesterone  may  be  acting  through  its 
5a3a  reduced  metabolite,  allopregnanolone,  which  acts  as  a  positive  allosteric  modulator  at  the 
GAB  Aa  receptor. 

Our  first  series  of  experiments  were  designed  to  test  the  hypothesis  that  progesterone  is 
binding  to  its  classical  nuclear  receptor  by  pretreating  the  animals  with  a  progesterone  receptor 
blocker.  Two  different  PR  antagonists  were  tested:  RU486  (Sigma  Chemical  Co.)  and  CDB2914 
(BioQual).  The  basic  experimental  protocol  for  these  studies  was  similar  to  that  used  above. 
Ovariectomized  female  rats  were  implanted  with  progesterone  filled  silastic  implants  designed  to 
produce  plasma  P  levels  of  20-40  ng/ml.  Twelve  hours  prior  to  KA  injection,  animals  received  a 
priming  dose  of  PR  antagonist:  RU486,  7  mg/kg;  CDB2914,  6,  8,  10  or  12  mg/kg).  All  animals 
received  a  second  dose  of  PR  antagonist  5  hrs  prior  to  KA.  Following  KA  injection  (8.5  mg/kg), 
animals  were  monitored  for  seizure  behavior  for  6  hours  and  a  composite  seizure  severity  score 
was  derived  for  each  animal  by  a  person  blinded  to  animal  treatment.  Ninety-six  hours  after  KA, 
animals  were  perfused  transeardially  as  described  above,  and  their  brains  removed  and  sectioned 
for  immunocytochemical  localization  of  NeuN. 

The  results  of  these  experiments  are  shown  in  Figure  2.  Pretreatment  with  the  PR 
antagonist  RU486  significantly  blocked  P  induced  suppression  of  seizure  behavior  (U=58, 
p<0.01).  Indeed,  there  was  no  significant  difference  in  seizure  scores  for  P+RU486  treated 
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animals  in  comparison  to  hormone-free  control  animals:  mean  seizure  score  for  P+RU486,  3.08 
±  -42  versus  3.50  +  .31  for  control  animals;  U=71,  p>0.05.  By  contrast,  pretreatment  with 
CDB2914,  at  any  dose,  failed  to  block  the  effects  of  P  (mean  seizure  score  for  P+CDB2914, 1.63 
±  .33  versus  1.46  +  .21  for  P  alone  treated  animals;  U=222,  p>0.05). 

The  CDB  compound  and  RU486  are  both  antagonists  of  the  progesterone  receptor.  CDB 
has  greater  specificity  for  PR  than  the  other  antagonist.  Thus  the  results  of  these  studies  indicate 
that  P  suppresses  KA  induced  behavioral  seizures  via  an  action  independent  of  the  progesterone 
receptor.  RU486  can  bind  to  glucocorticoid  receptors  in  addition  to  PR.  Thus  it  will  be  important 
in  the  upcoming  year  to  test  whether  the  RU486  effects  are  due  to  genomic  alterations.  We  are 
currently  examining  several  mitochondrial  gene  products  that  may  be  influenced  by  genomic 
effects  of  P  binding,  including  COXI  and  COXDI. 

Experiments  are  also  currently  underway  to  examine  the  contribution  of  the  progesterone 
metabolite,  allopregnanolone,  to  P  mediated  suppression  of  seizure  behavior.  These  studies  will 
compare  the  effect  of  allopregnanolone  administration  to  P  in  our  model  of  KA  induced  seizures 
and  will  determine  if  the  two  PR  antagonists  interfere  or  mimic  allopregnanolone’s  activity.  In 
addition,  we  are  actively  searching  for  a  compound  that  will  block  the  metabolism  of  P,  either  at 
the  5a  reductase  step,  or  the  3a-hydroxysteroid  oxidoreduetase  stage.  Unfortunately,  to  date, 
these  compounds  are  not  commercially  available. 

In  summary,  our  studies  have  demonstrated  that  P  administration  significantly  reduces 
KA  induced  seizures.  Estrogen  pretreatment,  at  supraphysiological  levels,  does  not  interfere  with 
P’s  seizure  suppressive  effects.  At  low  doses,  E  appears  to  attenuate  seizure  suppression. 
Analyses  are  underway  to  determine  if  E  in  the  presence  of  P  confers  neuroprotection  to  the 
hippocampus  by  reducing  the  degree  of  hippocampal  loss  associated  with  KA  induced  seizures. 
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The  results  of  our  experiments  using  PR  blockers  suggest  that  P  is  not  producing  its  effect  via 

binding  to  its  traditional  nuclear  receptor. 

; 

Objectives  2  and  3: 

•  Determination  of  effects  of  kainate,  progesterone  and  estrogen  on  brain  mitochondrial 
gene  expression 

•  Demonstration  of  progesterone  protection  against  neuronal  cell  death  in  vitro  and 
determination  of  mechanisms  of  regulating  mitochondrial  gene  expression 

Hippocampal  Cytochrome  Oxidase  Subunit  HI  mRNA 

One  proposed  mechanism  by  which  hormones  may  afford  neuroprotection  is  the  up- 
regulation  of  mitochondrial  gene  expression.  Our  studies  have  shown  that  P  does  not  protect 
against  seizure-induced  damage  per  se,  but  only  reduces  seizure  intensity,  while  E  protects 
against  hippocampal  damage  associated  with  each  level  of  seizure.  Therefore,  only  E  may 
increase  mitochondrial  cytochrome  oxidase  El  mRNA  and  protein  levels,  as  well  as  cytochrome 
oxidase  enzyme  activity. 

The  animals  used  for  these  studies  were  processed  as  described  above.  Briefly, 
ovariectomized  female  rats  were  given  hormone  implants  (designed  to  give  plasma  levels  of  low 
E,  high  E,  or  P)  or  empty  (blank)  capsules,  injected  with  KA  seven  days  later  and  observed  for  6 
hours.  24  or  48  hours  following  KA  injection,  animals  were  sacrificed  by  decapitation;  their 
brains  removed  and  allowed  to  sink  in  sucrose.  Brain  sections  were  cut  at  12  pm  using  a 
cryostat,  thaw-mounted  onto  slides  and  stored  in  a  -70°C  freezer  until  experiments  were  initiated. 
COX  subunit  III  mRNA  levels  were  measured  by  in  situ  hybridization.  The  sections  were 
hybridized  with  the  COX  III  probe  and  processed  as  previously  described  (1,  2)  counter-stained 
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with  eresyl  violet  (a  Nissl  stain).  Regional  changes  in  levels  of  subunit  mRNA  were  analyzed 
with  IP  Sectrum  software  operating  on  a  Power  Computing  Macintosh  computer.  COX  HI 


mRNA  was  quantified  only  in  areas  containing  cells,  as  determined  by  the  Nissl  stain;  therefore, 
decreases  in  mRNA  can  not  be  attributed  simply  to  a  lower  number  of  cells  present  in  the  KA- 
treated  groups.  Additionally,  CA1  measurements  were  normalized  using  the  dentate  gyrus, 
which  is  known  to  be  unaffected  by  KA  treatment,  to  adjust  for  varying  levels  of  background. 
At  24  hours  post-KA  injection,  there  was  no  effect  of  any  hormone  treatment  on  COX  III  mRNA 
in  the  CA1  area  of  the  hippocampus  (data  not  shown).  However  at  48  hours  post-KA,  COX  III 
mRNA  was  reduced  in  animals  given  KA  and  either  no  hormone  or  P,  as  compared  to  control 
saline  animals;  this  deficit  was  ameliorated  by  either  dose  of  E  (Figure  3).  Experiments  testing 
the  levels  of  COX  enzyme  activity  and  COX  subunit  protein  levels  are  underway  using  adjacent 
sections.  Additionally,  experiments  are  underway  to  examine  the  effects  of  the  hormones 
(without  KA)  on  COX  enzyme  activity,  as  well  as  COX  subunit  mRNA  and  protein  levels,  in  the 
hippocampus. 

Protection  by  Progesterone  against  Glutamate  Excitotoxicitv.  and  Possible  Involvement  of 
RNase  L  in  Regulating  Mitochondrial  Gene  Expression 

Experiments  were  performed  to  test  the  protective  effect  of  progesterone  and  estrogen 
against  glutamate-induced  neuronal  death  in  cellular  models  of  excitotoxicity.  We  used  rat 
cerebellar  granule  neurons  and  rat  cortical  neurons  as  models  of  excitotoxicity.  Neuronal  death 
was  measured  by  propidium  iodide  (PI)  staining.  Posttranscriptional  mechanism  of  regulation  of 
mitochondrial  gene  expression  was  examined  in  mammalian  cells  that  are  devoid  of  stress- 
related  interferon-associated  mitochondrial  RNase,  RNase-L. 
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MATERIALS  AND  METHODS 


Procedures  involving  animals  and  their  care  were  conducted  in  conformity  with 
institutional  guidelines  that  are  in  compliance  with  national  and  international  laws  and  policies 
(NIH  guide  for  the  Care  and  Use  of  Laboratory  Animals,  NIH  publication  no,  85-23,1985). 
Primary  neuronal  cultures: 

Cerebellar  granule  cell  cultures  were  prepared  from  7-day  old  Sprague-Dawley  rat  pups. 
Cortical  neurons  were  prepared  from  embryonic  day  17  (El 7)  fetuses.  Neurons  were  seeded  at  a 
density  of  2  xlO5  cells/cm2  in  6- well  tissue  culture  chambers  coated  with  poly-L-lysine  (MW  30 
000  -  700  000)  and  cultured  in  Eagle’s  Basal  Medium  supplemented  with  Earle’s  salts,  10% 
inactivated  fetal  bovine  serum  or  10%  inactivated  gelded  horse  serum,  25  mM  KC1  and 
gentamycin  (50  ng/ml).  To  prevent  growth  of  glial  cells,  cytosine  arabinoside  (10  pM)  was 
added  to  the  cultures  24h  after  seeding, 

Excitotoxicity: 

Cultures  were  exposed  to  glutamate  (50  -  250  pM)  in  a  Locke  solution  (134-mM  NaCl, 
25  mM  KC1,  4  mM  NaHCOa,  5  mM  HEPES,  2.3  mM  CaCL  and  5  mM  glucose)  for  30  min  in 
the  presence  of  10  pM  glycine  (3),  After  exposure  to  glutamate,  the  cells  were  washed  and  kept 
in  the  old  culture  medium  without  glutamate  for  up  to  24  hr.  Control  cultures  were  treated  with 
the  vehicle  for  the  same  time  period  as  that  of  glutamate  treated  cells. 

Drugs: 

In  experiments  with  cell  cultures,  progesterone  and  estrogen  (17  P-estradiol)  were 
dissolved  in  60%  alcohol  and  the  final  alcohol  concentration  was  less  than  0.01%.  Cultures  were 
treated  with  the  vehicle  alone  were  used  as  controls.  Progesterone  was  used  at  a  final 
concentration  from  1  to  10  pM.  Estrogen  was  used  at  a  final  concentration  from  0. 1  to  10  pM. 
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Cell  viability: 

Cell  viability  was  determined  using  a  two-color  fluorescence  assay  based  on  the 
simultaneous  determination  of  live  and  dead  cells  with  two  probes  that  measure  two  recognized 
parameters  of  cell  viability  -  intracellular  esterase  activity  and  plasma  membrane  integrity. 
Viable  granule  cell  neurons  were  quantified  after  staining  of  cells  with  cell-permeant  calcein  AM 
(2  pM).  Nonviable  neurons  were  quantified  with  eell-impermeant  propidium  iodide  (10  pg/ml). 
The  number  of  PI  positive  (nonviable)  cells  to  the  total  number  of  cells  in  a  field  was 
determined, 

RNA  analysis 

Rat  cerebellar  granule  neurons  were  exposed  to  glutamate  (100  pM)  for  30  min  in  the 
presence  or  absence  of  progesterone  (10  pM)  as  described.  After  exposure  to  glutamate,  the  cells 
were  washed  and  kept  in  the  old  culture  medium  without  glutamate  for  up  to  24  hr.  At  various 
periods  of  time  up  to  24h,  cells  were  washed  with  Dulbecco's  Phosphate  Buffered  Saline  (DPBS) 
without  calcium  and  magnesium  and  total  RNA  was  isolated  using  the  Qiagen  RNeasy  kit.  Total 
RNA  was  subjected  to  northern  blot  analysis. 

Two  pg  of  total  RNA  was  separated  on  1.2%  formaldehyde-agarose  gel  and  transferred 
to  GeneScreen  Plus  (NEN  Life  Sciences)  using  controlled  vacuum  (The  Hybaid  vacu-aid). 
Prehybridization  and  hybridization  were  done  with  Hybridizol  reagent  (Hybridizol  I  and  II  mixed 
4  to  1  ratios,  Oncor,  MD,  USA).  The  blots  was  prehybridized  at  42°C  for  16  h,  then  hybridized 

for  48  h  at  42°C  with  [32p]„labeled  probe  (4).  The  blots  were  washed  with  increasing  stringency 
and  the  final  wash  was  performed  at  65°C  with  0.2  X  SSC  (1  X  SSC  =  150  mM  sodium  chloride 
and  15  mM  sodium  citrate)  and  1%  SDS  (sodium  dodecylsulfate).  The  blots  were  exposed  to  X- 
ray  film  (Bio-max  MS,  Kodak,  NY,  USA)  with  an  intensifying  screen  for  45  min  to  2  days  at  - 
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70°C.  The  level  of  hybridized  RNA  was  quantified  using  an  image  analysis  program  (NIH  image 
1.57  program,  Wayne  Rasband).  The  probe  for  evaluation  of  mtDNA  transcripts  was  created  by 
PCR  amplification  of  mtDNA  using  specific  primers  (nt  8861-14549  of  mtDNA).  This  probe 
hybridizes  to  COX  m,  ND3,  ND4L,  ND4,  ND5  and  ND6  mRNAs  (5).  To  control  for  equal 
loading  and  transfer  of  RNA,  the  blots  was  reprobed  with  p-actin  or  18S  rRNA. 

Statistical  analysis 

Results  are  expressed  as  the  mean  ±  S.E.M.  Differences  between  controls  and  test 
samples  were  evaluated  by  ANOVA:  Fischer’s  F-test  was  first  used  to  compare  between-groups 
and  within-groups  variance;  if  the  former  was  significantly  (P<0.05)  higher  than  the  latter, 
individual  groups  were  compared  by  Tukey’s  test  for  multiple  comparisons. 

RESULTS 

Effect  of  glutamate  on  cell  death  in  cerebellar  granule  and  cortical  neurons: 

We  reported  previously  that  for  cerebellar  granule  neurons  maintained  in  culture  medium 
containing  10%  inactivated  fetal  bovine  serum,  the  neurotoxicity  produced  by  a  30min  exposure 
to  glutamate  increased  with  increasing  concentrations  of  glutamate  (60  to  ±  7%  with  100  pM 
glutamate  and  90  ±  5%  with  250  pM  glutamate  (measured  on  sister  cultures  in  5  different 
preparations).  In  rat  cortical  neurons  maintained  in  culture  medium  with  10%  fetal  bovine  serum, 
the  neurotoxicity  produced  by  a  30min  exposure  to  glutamate  increased  with  increasing 
concentrations  of  glutamate  (58  to  ±  6%  with  100  pM  glutamate  and  92  ±  8%  with  250  pM 
glutamate).  The  glutamate-induced  neurotoxicity  in  both  cultures  was  blocked  by  the  selective 
NMDA-receptor  antagonist  MK-801  (10  pM)  and  by  the  glycine  antagonist  7-chlorokynurenic 
acid  (10  pM).  The  results  established  that  transient  (30  min)  exposure  to  glutamate  (100  and  250 
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pM)  produced  reliable  and  consistent  neuronal  death  after  24h  in  both  cerebellar  and  cortical 
neuronal  cultures. 

Progesterone  and  estrogen-mediated  protection  against  glutamate-induced  excitotoxic  cell  death 
in  neuronal  cultures: 

Using  the  protocol  of  30min  exposure  to  glutamate,  we  evaluated  the  protective  effect  of 
addition  of  progesterone  against  neuronal  death.  In  the  previous  report  we  showed  that  addition 
of  progesterone  at  physiological  concentrations  (up  to  1  pM)  failed  to  provide  significant 
protection  against  death  in  rat  cerebellar  granule  neuronal  cultures,  whereas  higher  non- 
physiological  concentrations  of  progesterone  (5-10  pM)  protected  neurons  against  glutamate- 
induced  excitotoxicity.  Progesterone  receptors  are  maximal  in  rat  cerebral  cortex  and  lowest  in 
the  cerebellum  (6-8).  Therefore,  in  this  study  we  tested  the  effect  of  progesterone  using  rat 
cortical  neurons.  We  maintained  the  cortical  neurons  in  the  cell  culture  medium  containing  10% 
gelded  horse  serum.  The  rationale  for  using  gelded  horse  serum  (devoid  of  sex  hormones)  is  to 
eliminate  the  contribution  of  contaminating  progesterone  present  in  the  serum.  However,  we 
found  that  under  these  conditions  cortical  neurons  could  not  be  maintained  in  culture  beyond  a 
period  of  1  week.  The  viability  of  the  cortical  neurons  decreased  from  80  ±  7%  at  day  5  in  vitro 
(DIV)  to  10  ±  1%  at  10  DIV,  Therefore,  the  protective  effect  of  progesterone  against  glutamate- 
induced  neuronal  death  could  not  be  tested.  We  could  not  use  cortical  neurons  at  5DIV  because 
neuronal  cultures  at  5DIV  are  resistant  to  glutamate-induced  excitotoxicity  (9), 

Progesterone-mediated  protection  against  glutamate-induced  neuronal  death  in 
hippocampal  neurons  maintained  in  Neurobasal  medium  with  B27  supplements  has  been 
observed  (10).  However,  the  B27  supplement  contains  5  ng/ml  progesterone,  suggesting  that 
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progesterone  is  required  for  neuronal  survival.  Therefore,  to  study  the  role  of  progesterone  in 
neuronal  survival  and  protection  against  excitotoxicity,  we  propose  the  following  approaches: 

1 ,  We  will  determine  the  effect  of  addition  of  progesterone  to  gelded  horse  serum  on  survival  of 
cortical  neurons  in  culture,  2.  We  will  maintain  neuronal  cultures  in  presence  of  gelded  horse 
serum  and  progesterone  or  in  presence  of  neurobasal  medium  with  B27  supplement.  We  will 
then  evaluate  whether  progesterone  mediated  protection  is  due  to  genomic  or  non-genomic  effect 
by  exposing  cortical  neurons  at  10  DIV  in  Locke  solution  in  presence  or  absence  of  added 
progesterone,  3.  We  will  determine  the  synergistic  effect  of  added  progesterone  and  estrogen  on 
neuronal  survival  and  on  glutamate-induced  neuronal  death  in  cortical  neurons  at  10  DIV. 

Glutamate  decreases  mitochondrial  gene  expression  and  regulation  of  mitochondrial  gene 
expression. 

We  presented  results  demonstrating  that  addition  of  glutamate  to  cerebellar  granule 
neurons  rapidly  reduces  the  expression  of  mtDNA-encoded  mRNA  (mt-rhRNA)  in  the  absence 
of  changes  in  mtDNA.  Reprobing  of  the  blots  with  P-actin  showed  no  specific  reduction, 
suggesting  that  the  decrease  is  not  due  to  loss  of  RNA  or  due  to  differences  in  RNA  loading. 
These  results  suggested  that  the  glutamate-induced  decrease  in  mt-mRNA  could  be  due  to  a 
decrease  in  transcription  of  mtDNA  or  increased  degradation  of  mt-mRNA.  Based  on  the  results 
obtained  with  PC  12  cells,  we  postulated  the  existence  of  a  mechanism  of  posttranscriptional 
regulation  of  mitochondrial  gene  expression  that  is  independent  of  the  energetic  status  of  the  cell 
and  that  may  operate  under  pathological  conditions  such  as  glutamate-induced  excitotoxicity 
(11).  However,  the  molecular  components  of  this  mechanism  were  unknown.  Recently,  an 
RNase  called  RNase  L  that  is  regulated  by  stress  and  interferon  was  also  shown  to  mediate  the 
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degradation  of  a  number  of  mitochondrial  mRNAs  in  response  to  interferon,  (12).  RNase  L  was 
also  found  to  be  present  in  mitochondria  (12).  In  this  study,  we  evaluated  whether  RNase  L  is 
involved  in  regulating  the  stability  of  mt-mRNA  under  normal  conditions  and  under  conditions 
of  ionic  stress.  In  cells  devoid  of  interferon-regulated  RNase,  RNase-L,  the  half-life  of  mt- 
mRNAs  was  stabilized.  In  RNase-L  +/+  cells  the  average  half-life  of  mt-mRNA,  determined  after 
termination  of  transcription  with  actinomycin  D,  was  3h,  whereas  in  RNase-L  'A  cells  the  half- 
life  of  mt-mRNA  was  >6h  (Figure  4).  In  contrast,  the  stability  of  nuclear  DNA-eneoded  P-actin 
mRNA  and  mtDNA-encoded  12S  rRNA  were  unaffected.  Steady  state  levels  of  12S  rRNA  and 
P-actin  mRNA  remained  constant,  whereas  there  was  an  increase  in  mt-mRNA  levels  in  RNase- 
L  _/'  cells  compared  to  RNase-L  +/+  cells  (Figure  5),  Induction  of  expression  of  RNase-L  in 
mouse  fibroblasts  also  reduced  the  half-life  of  mt-mRNA  from  3h  to  1.5h  (Figure  6).  We 
previously  reported  that  chronic  exposure  to  the  sodium  ionophore  monensin  to  cultured 
mammalian  cells  reduced  the  half-life  of  mt-mRNA  from  3h  to  1.5h  (11).  We  subsequently 
found  that  the  half-life  of  mt-mRNA  in  monensin-induced  RNase-L  +/+  cells  was  1.5h,  whereas 
in  RNase-L  cells  the  half-life  of  mt-mRNA  was  >4h  (Figure  7).  We  conclude  that  RNase-L 
causes  (i)  a  decrease  in  the  steady-state  levels  of  mt-mRNA,  (ii)  a  selective  decrease  in  the  half- 
life  of  mt-mRNA,  and  (iii)  accelerates  degradation  of  mt-mRNA  in  cells  exposed  to  sodium 
ionophore.  Our  results  demonstrate  a  role  for  RNase-L  in  regulating  the  stability  of 
mitochondrial  DNA-encoded  mRNAs.  A  manuscript  describing  these  results  is  present  in  the 
Appendix  (Chandrasekaran  et  al).  We  are  extending  these  studies  to  investigate  whether  RNase  L 
is  responsible  for  glutamate-induced  reduction  in  mitochondrial  gene  expression.  We  are  also 
testing  the  effect  of  progesterone  and  estrogen  on  mitochondrial  gene  expression.  The  rationale 
for  this  is  that  estradiol  has  been  shown  to  increase  levels  of  several  mtDNA-encoded  mRNA  in 
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hepG2  cells  (13)  and  stimulate  expression  of  adenine  nucleotide  translocator  ANTI  messenger 
RNA  in  female  rat  hearts  (14). 

B.  Neuroprotection  by  Gonadal  Hormones  in  Traumatic  Brain  Injury 
The  specific  hypotheses  to  be  tested  are  as  follows: 

1.  Progesterone  protects  against  early,  prelethal  alterations  to  brain  mitochondria  that 
influence  brain  energy  metabolism,  oxidative  stress,  and  apoptotic  neural  cell  death. 

2.  Progesterone  stimulates  expression  of  mitochondrial  and  (or)  nuclear  genes,  e.g., 
cytochrome  oxidase  and  Bcl-2,  that  increase  resistance  to  necrotic  or  apoptotic  cell 
death. 

APPROVED  STATEMENT  OF  WORK 
Year  1  of  Supplement 

Objective:  Obtain  preliminary  results  that  will  provide  the  rationale  for  conducting  a 
complete  study  assessing  the  neuroprotective  effects  and  mechanisms  of  action  of  different 
doses  and  combinations  of  progesterone  and  estrogen. 

Experimental  Protocol 

Female  rats  (Sprague  Dawley,  Zivic  Miller)  were  ovariectomized  and  then  implanted 
with  blank  pellets  designed  to  deliver  20  or  60  pg/ml  of  progesterone.  Seven  days  after 
ovariectomy  and  implantation,  rats  underwent  TBI  using  controlled  cortical  impact  (CCI)  injury 
with  a  pneumatic  impactor  device  as  previously  described  (15,  16).  For  this  injury,  a  left-sided 
craniotomy  was  performed,  and  trauma  was  produced  on  the  exposed  brain  using  the  CCI  device. 
The  injuiy  was  delivered  at  an  impact  velocity  of  4  m/sec,  2.5  mm  depth  of  penetration  and  50 
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msec  duration  of  brain  deformation.  This  delivers  a  moderate  level  of  TBI  severity  with  minimal 
mortality  (<  10%).  Following  CCI,  the  craniotomy  was  sealed  and  the  scalp  was  closed. 

Isolation  of  forebrain  mitochondria  for  analysis  was  performed  at  24h  after  CCI. 
Histologic  and  immunohistochemieal  analysis  was  performed  at  24h,  48h,  72h  and  7  days  after 
CCI. 

Results 

Mitochondrial  effects  of  progesterone  on  uninjured  brain 

In  order  to  evaluate  any  baseline  effects  that  progesterone  may  have  on  mitochondrial 
respiration,  an  initial  set  of  studies  was  performed  on  uninjured  rats.  Female  rats  underwent 
ovariectomy,  followed  by  implantation  with  either  blank  or  progesterone  pellets.  Seven  days 
later,  mitochondria  were  isolated  from  rat  forebrain  and  analyzed.  Mitochondrial  rates  of 
respiration  in  the  two  groups  were  compared. 

Progesterone  administration  did  not  change  the  ability  of  isolated  mitochondria  to 
consume  oxygen  in  either  State  3  (oxidative  phosphorylation)  or  State  4  (resting)  respiration. 
Figure  8A  demonstrates  the  relative  rates  of  State  3  respiration  of  the  progesterone  and  blank- 
implanted  rats  using  the  oxidizable  substrates  glutamate  and  malate.  State  3  rates  were  also 
similar  between  groups  in  the  presence  of  succinate  and  rotenone  (Figure  8B).  Furthermore,  the 
acceptor  control  ratio  (defined  as  the  ratio  of  State  3  to  State  4  respiration)  was  not  different 
between  groups  (Figure  9).  This  ratio  reflects  the  degree  to  which  mitochondrial  oxidative 
phosphorylation  is  coupled  to  ATP  production,  and  can  be  altered  after  acute  brain  injury.  These 
results  suggest  that  in  the  uninjured  state,  progesterone  does  not  significantly  alter  mitochondrial 
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respiratory  function,  and  provides  important  baseline  information  for  the  study  of  progesterone 
after  TBI, 

Basic  histologic  assessment  of  lesion  volume 

Rats  underwent  CCI  for  assessment  of  tissue  loss  early  after  TBI  These  rats  were 
perfusion  fixed  at  24h  after  CCI  and  neurons  were  labeled  with  the  neuronal  nuclear  marker 
NeuN.  A  representative  photomicrograph  of  tissue  loss  is  seen  in  Figure  10.  Note  the 
significant  loss  of  cortical  tissue  with  relative  sparing  of  the  underlying,  ipsilateral  hippocampus. 

Time  course  of  Bcl-2  upreeulation  after  CCI 

Previous  studies  of  experimental  TBI  have  demonstrated  alterations  in  both  pro-  and  anti- 
apoptotic  proteins.  Specifically,  the  anti-apoptotic  protein  bcl-2  is  increased  following  TBI  in 
the  ipsilateral  cortex  and  hippocampus  (17).  In  order  to  establish  a  baseline,  we  evaluated  the 
pattern  and  time  course  of  bcl-2  expression  following  CCI  in  ovariectomized  female  rats  without 
progesterone  implants.  Bcl-2  expression  was  evident  at  24h  in  neurons  of  the  cortex  and 
hippocampus  ipsilateral  to  the  side  of  injury  (Figure  11  A).  The  greatest  expression  was  seen 
nearest  to  the  injury,  with  less  bcl-2  staining  more  distally.  The  contralateral  hemisphere  did  not 
demonstrate  any  bcl-2  staining  (Figure  11B). 

Time  course  assessment  revealed  that  bcl-2  staining  was  more  pronounced  at  48h 
compared  to  24h  after  CCI,  with  bcl-2  positive  neurons  appearing  much  denser  (Figure  12 
A&B).  At  48  h,  a  similar  pattern  of  distribution  was  seen,  with  the  greatest  bcl-2  expression  in 
the  injury  penumbra  and  none  seen  in  the  contralateral  hemisphere.  By  72h,  there  was 
noticeably  fewer  bcl-2  positive  cells.  Those  cells  that  were  seen  were  much  more  faintly  stained 
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(Figure  12C).  Throughout  all  timepoints,  the  contralateral  hemisphere  did  not  show  any  evident 
bcl-2  staining. 

Limitations 

Upon  assessment  of  total  tissue  loss  at  7  days,  it  was  evident  that  there  was  a  moderate 
amount  of  variability  between  rats.  In  addition,  the  degree  of  injury  inflicted  appeared  to  be 
more  severe  than  originally  planned.  We  are  attributing  both  of  these  experimental  limitations  to 
the  use  of  an  older  CCI  device  that  was  currently  in  use  in  our  laboratory.  We  have  recently 
purchased  a  newer  device  that  will  significantly  increase  the  reliability  and  reproducibility  of  this 
model.  It  is  likely  that  that  more  severe  TBI  produced  by  the  older  device  would  not  be 
amenable  to  manipulation.  Specifically,  It  would  be  difficult  to  detect  any  possible 
neuroprotective  effects  of  progesterone  in  this  severe  of  an  injury.  Future  studies  will  utilize  a 
reduced  degree  of  injury  severity  using  the  new  CCI  device. 

Conclusions 

Mechanisms  of  neuroprotection  of  estrogen  and  progesterone  remain  unclear,  despite 
studies  demonstrating  gender  differences  after  acute  brain  injury.  Given  the  important  role  of 
mitochondria  in  neuronal  cell  death  and  survival,  it  is  possible  that  the  gonadal  hormones 
influence  cell  survival  via  mitochondrial  interaction.  From  our  preliminary  studies,  we  have 
demonstrated  the  lack  of  effect  of  progesterone  on  basic,  uninjured  brain  mitochondrial 
respiration.  We  have  also  demonstrated  the  ability  to  study  mechanisms  of  gonadal  hormone 
neuroprotection  after  TBI  through  the  use  of  sophisticated  mitochondrial  analyses,  including  in 
vitro  analysis  of  mitochondrial  metabolism  and  in  vivo  analysis  of  anti-apoptotic  protein 
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expression  (bcl-2).  Future  studies  will  continue  to  apply  these  techniques  to  assess  outcome 
measures  of  cellular  apoptotic  protein  alterations  and  mitochondrial  activity,  in  correlation  with 
neurologic  function.  Studies  will  include  further  assessment  of  the  role  of  progesterone  and 
estrogen  in  mitochondrial  function  after  TBI. 

C.  Mitochondrial  Free  Radical  Generation  in  Parkinson’s  Disease 
Hypothesis/Objective  for  Year  1  of  Supplement 

Mitochondrial  reactive  oxygen  species  production  is  modulated  by 
neurotoxins,  Ca2+,  and  pro-apoptotic  proteins 

Abnormal  accumulation  of  Ca2+  and  exposure  to  pro-apoptotic  proteins,  e,g.,  Bax,  is 
believed  to  stimulate  mitochondrial  generation  of  reactive  oxygen  species  and  contribute  to 
neural  cell  death  during  acute  ischemic  and  traumatic  brain  injury  and  in  neurodegenerative 
diseases,  e.g.,  Parkinson’s  disease.  However  the  mechanism  by  which  Ca2+  or  apoptotic  proteins 
stimulate  mitochondrial  ROS  production  is  unclear.  We  used  a  sensitive  fluorescent  probe  to 
compare  the  effects  of  Ca2+  on  H2O2  emission  by  isolated  rat  brain  mitochondria  in  the  presence 
of  physiological  concentrations  of  ATP  and  Mg2+  and  different  respiratory  substrates.  In  the 
absence  of  respiratory  chain  inhibitors,  Ca2+  suppressed  H202  generation  and  reduced  the 
membrane  potential  of  mitochondria  oxidizing  succinate,  or  glutamate  plus  malate.  In  the 
presence  of  the  respiratory  chain  Complex  I  inhibitor  rotenone,  accumulation  of  Ca2+  stimulated 
H2O2  production  by  mitochondria  oxidizing  succinate,  and  this  stimulation  was  associated  with 
release  of  mitochondrial  cytochrome  c.  In  the  presence  or  glutamate  plus  malate,  or  succinate, 
cytochrome  c  release  and  H2O2  formation  were  stimulated  by  human  recombinant  full-length 
Bax  in  the  presence  of  a  BH3  cell  death  domain  peptide.  These  results  indicate  that  in  the 
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presence  of  ATP  and  Mg2-1",  Ca2+  accumulation  either  inhibits  or  stimulates  mitochondrial  H2O2 
production,  depending  on  the  respiratory  substrate  and  the  effect  of  Ca2+  on  the  mitochondrial 
membrane  potential,  Bax  plus  a  BH3  domain  peptide  stimulate  H2O2  production  by  brain 
mitochondria  due  to  release  of  cytochrome  c  and  this  stimulation  is  insensitive  to  changes  in 
membrane  potential.  These  findings  will  soon  be  published  in  the  Journal  of  Neurochemistry.  A 
copy  of  the  accepted  manuscript  is  included  in  the  Appendix  (Starkov  et  al.,  2002). 

Mitochondrial  production  of  reactive  oxygen  species  (ROS)  at  Complex  I  of  the  electron 
transport  chain  is  implicated  in  the  etiology  of  neural  cell  death  in  acute  and  chronic 
neurodegenerative  disorders.  This  study  used  Amplex  Red  fluorescence  measurements  of  H2O2 
to  test  the  hypothesis  that  ROS  production  by  isolated  brain  mitochondria  is  regulated  by 
membrane  potential  (AT)  and  NAD(P)H  redox  state  and  varies  with  the  presence  of  different 
NAD+-linked  respiratory  substrates.  AT  was  monitored  by  following  the  medium  concentration 
of  TPP+  with  a  selective  electrode.  NAD(P)H  redox  state  was  estimated  by  autofluorescence. 
While  the  rate  of  H202  production  was  closely  related  to  AT  and  the  level  of  NAD(P)H 
reduction  at  high  values  of  AT,  30%  of  the  maximal  rate  of  H2O2  formation  was  still  observed  in 
the  presence  of  uncoupler  (FCCP)  concentrations  that  provided  for  maximum  depolarization  of 
AT  and  oxidation  of  NAD(P)H.  Rates  of  H2O2  production  varied  with  the  type  of  respiratory 
substrate  that  was  used  with  a-ketoglutarate  »  pyruvate  >  malate  >glutamate,  but  were  not 
related  to  relative  rates  of  respiration.  Our  findings  indicate  that  ROS  production  by 
mitochondria  oxidizing  NAD+-dependent  substrates  is  regulated  by  ATm  and  by  the  NAD(P)H 
redox  state  but  is  also  dependent  on  the  presence  of  specific  NAD+-linked  respiratory  substrates. 
These  manuscript  describing  these  results  is  in  preparation  and  will  be  submitted  to  the  journal 
Free  Radical  Biology  and  Medicine  (Starkov  and  Fiskum). 
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D,  Calcium-Neurotrophin  Interactions  in  Neurodegenerative  Disorders 
Hypothesis/Objective  for  Year  1  of  Supplement 

We  have  been  testing  the  hypothesis  that  elevated  neuronal  [Ca2+J  causes 
abnormal  synthesis  or  processing  of  the  BDNF  receptor,  trkB. 

Mouse  cortical  neurons  were  transfected  with  trkB  promoter  constructs  containing  a 
luciferase  reporter  and  the  cells  were  depolarized  in  the  absence  and  presence  of  extracellular 
Ca  .  Of  the  two  promoters  in  the  trkB  gene,  the  downstream  promoter,  P2,  is  stimulated  by 
depolarization  and  this  stimulation  requires  extracellular  Ca2+.  In  contrast,  PI  is  inhibited  by 
Ca2+,  We  have  identified  several  regulatory  elements  in  the  DNA  sequence  of  P2  including  two, 
tandem  CRE  sites,  which  interact  with  the  phosphorylated  form  of  the  transcription  factor, 
CREB.  We  have  also  found  a  novel  Ca2+  enhancer  element  upstream  of  the  CREs,  We  are 
presently  identifying  the  sequence  of  this  enhancer  and  its  cognate  transcription  factor.  The 
results  to  date  demonstrate  that  trkB  expression  is  under  the  control  of  cytoplasmic  [Ca2+]  via 
Ca2+-dependent  regulatory  elements  in  the  trkB  promoter.  Our  results  are  consistent  with  the 
hypothesis  that  Ca2+-dependent  regulation  of  trkB  transcription  can  regulate  the  neuron’s 
response  to  BDNF  and,  consequently,  its  survival.  Dysregulation  of  this  process  may  underlie 
accelerated  neuron  death  in  neurodegenerative  disorders  such  as  Parkinson’s  disease. 
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Figure  1.  Effects  of  progesterone  and  estrogen  on  kainate-induced  seizures 
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Figure  2.  Effects  of  progesterone  receptor  antagonists  on  inhibition  of  seizure  activity  by 
progesterone. 
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Figure  3.  Estradiol,  but  not  progesterone,  protects  against  KA-induced  decrease  of  COX  El 
mRNA  in  the  CA1  region  of  the  hippocampus 
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Figure  6.  Mitochondrial  transcripts  are  stabilized  in  monensin-treated  RNase  L  7'  cells.  Total 
cytosolic  RNA  was  isolated  from  RNase  L  +/+  and  RNase  L  '''  mouse  embryo  fibroblasts  at 
indicated  time  points  after  addition  of  the  sodium  ionophore,  monensin  (250  nM)  and 
termination  of  transcription  by  actinomycin  D.  Two  2  pg  RNA  aliquots  were  subjected  to 
Northern  blot  analysis  as  described  under  “Materials  and  Methods”.  Hybridization  was 
quantified  by  image  analysis  of  autoradiograms.  Semi-log  plots  of  transcript  remaining  versus 
time  is  depicted  in  case  of  p-actin  mRNA. 
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Figure  7.  Mitochondrial  transcripts  are  de-stabilized  in  monensin-treated  RNase  L  induced 
mouse  embryo  fibroblasts.  Total  cytosolic  RNA  was  isolated  from  un-induced  and  RNase  L- 
induced  mouse  embryo  fibroblasts  at  indicated  time  points  after  addition  of  actinomycin  D  or  the 
sodium  ionophore,  monensin  (250  nM)  or  after  addition  of  monensin  and  actinomycin  D.  Two  2 
pg  RNA  aliquots  were  subjected  to  Northern  blot  analysis  as  described  under  “Materials  and 
Methods”.  Hybridization  was  quantified  by  image  analysis  of  autoradiograms.  Semi-log  plots 
of  transcript  remaining  versus  time  in  monensin  plus  actinomycin  D-treated  cells  are  depicted  in 
case  of  P-actin  mRNA. 
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Figure  8.  State  3  rates  of  oxygen  consumption  (nmol/min/mg  mitochondrial  protein)  of  isolated 
forebrain  mitochondria  (0.5  mg/ml)  in  the  presence  of  40  mM  ADP  and  1  mM  MgCb  in  a  KC1 
media  (n=3  rats/group).  Figure  1 A  rates  were  obtained  in  the  presence  of  5  mM  glutamate  and  5 
mM  malate.  Figure  IB  rates  were  obtained  in  the  presence  of  5  mM  glutamate  and  5  mM 
malate. 
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Figure  9.  Acceptor  control  ratio  of  isolated  forebrain  mitochondria  (0.5  mg/ml)  defined  as  the 
ratio  of  ADP-stimulated  (State  3)  to  resting  (State  4)  rates  of  oxygen  consumption  in  the 
presence  of  5  mM  glutamate  and  5  mM  malate  (G/M, black  bars)  or  5  mM  succinate  and  2  pM 
rotenone  (S/R,  gray  bars).  Mitochonria  were  isolated  from  ovariectomized  female  rats  implanted 
with  either  blank  or  progesterone  (Prog)  pellets. 
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Figure  10.  Representative  photomicrograph  of  coronal  section  of  ovarieetomized  female  rat  24h 
after  CCI.  Neurons  are  labeled  with  neuronal  nuclear  marker  (NeuN)  and  stain  black.  Cortical 
tissue  loss  is  seen  ipsilateral  (left)  to  the  side  of  injury  through  the  full  thickness  of  the  cortical 
layers.  Note  the  relative  sparing  of  the  underlying  hippocampus  and  the  contralateral  structures. 


Figure  11.  Photomicrograph  of  the  ipsilateral  (A)  and  contralateral  (B)  cortex  24h  after  CCI. 
Tissue  has  been  incubated  with  antibodies  to  the  anti-apoptotic  protein  bcl-2.  Note  numerous 
positive  neurons  in  the  ipsilateral  cortex.  Area  shown  is  in  the  injury  penumbra  (high-powered 
view  in  inset).  The  contralateral  hemisphere  (B)  did  not  demonstrate  any  bcl-2  staining. 
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Figure  12.  Photomicrographs  of  ipsilateral  cortex  at  24  h  (A),  48  h  (B)  and  72  h  (C)  after  CCI  in 
ovariectomized  rats  (blank  pellets),  with  tissue  incubated  with  bcl-2  antibodies.  At  24  h, 
numerous  cells  with  neuronal  morphology  demonstrate  bcl-2  staining  near  the  area  of  injury.  By 
48  h,  neuronal  staining  is  much  denser  within  cells.  However,  by  72  h  the  bcl-2  labeling  has 
decreased  throughout  the  injured  hemisphere,  with  only  scattered  neurons  with  faint  bcl-2 
detection. 
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(6)  Key  Research  Accomplishments 

A.  Neuroproteetion  by  Progesterone 

•  Determined  that  low,  physiological  levels  of  plasma  progesterone  inhibited  seizures 
produced  by  kainic  acid  while  high  levels  of  progesterone  had  no  effect. 

•  Protection  against  hippocampal  neuronal  death  by  progesterone  is  directly  linked  to 
inhibition  of  seizure  activity. 

•  Progesterone  inhibition  of  kainate-induced  seizures  does  not  appear  to  be  mediated  via 
binding  to  its  traditional  nuclear  receptor. 

•  Low  and  high  levels  of  plasma  estrogen  do  not  inhibit  seizures  produced  by  kainic  acid. 

•  Low  and  high  levels  of  plasma  estrogen  inhibit  hippocampal  cell  death  caused  by 
seizures  induced  by  kainic  acid. 

•  Estrogen  pretreatment,  at  supraphysiological  levels,  does  not  interfere  with  P’s  seizure 
suppressive  effects. 

•  At  low  doses,  estrogen  attenuates  seizure  suppression  by  progesterone. 

•  Mitochondrial  gene  expression  is  dependent  upon  mitochondrial  mRNA  stability, 
apparently  controlled  by  a  mitochondrial  form  of  RNase  L. 

B.  Mitochondrial  Free  Radical  Generation  in  Parkinson’s  Disease 

•  Mitochondrial  Ca2+  accumulation  either  inhibits  or  stimulates  mitochondrial  H2O2 
production,  depending  on  the  respiratory  substrate  and  the  effect  of  Ca2+  on  the 
mitochondrial  membrane  potential. 

•  Bax  plus  a  BH3  domain  peptide  stimulate  H2O2  production  by  brain  mitochondria  due  to 
release  of  cytochrome  c  and  this  stimulation  is  insensitive  to  changes  in  membrane  potential. 
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•  Reactive  oxygen  species  production  by  mitochondria  oxidizing  NAD+-dependent  substrates 
is  regulated  by  mitochondrial  membrane  potential  and  by  the  NAD(P)H  redox  state  but  is 
also  dependent  on  the  presence  of  specific  NAD+-linked  respiratory  substrates. 

(7)  Reportable  Outcomes 

•  Manuscripts 

Chronic  exposure  of  neural  cells  to  elevated  intracellular  sodium  decreases  mitochondrial  mRNA 
expression.  Chandrasekaran  K,  Liu  LI,  Hatanpaa  K,  Shetty  U,  Mehrabyan  Z,  Murray  PD,  Fiskum 
G  and  Rapoport  SI.  Mitochondrion  1(2),  141-150  (2001). 

Starkov,  A.A.,  Polster,  B.M.,  and  Fiskum,  G.,  Regulation  of  mitochondrial  reactive  oxygen 
species  generation  by  calcium  and  Bax,  J.  Neurochem.  (2002  in  press) 

Hofftnan,  G.E.,  Moore,  N.,  Fiskum,  G.,  and  Murphy,  A.Z.,  Ovarian  steroid  modulation  of  seizure 
severity  and  hippocampal  neuronal  cell  death  after  kainic  acid  treatment,  Exp.  Neurol. 
(submitted) 

Chandrasekaran,  K.,  Mehrabyan,  Z.,  Li,  X-L.,  and  Hassel,  B.,  RNase-L  regulates  the  stability  of 
mitochondrial  DNA-encoded  mRNAs,  J.  Biol.  Chem.  (submitted) 

Starkov,  A. A.  and  Fiskum,  G.,  H2O2  production  by  brain  mitochondria  is  regulated  by 
membrane  potential  and  by  NADH-dependent  respiratory  substrates,  Free  Rad.  Biol.  Med.  (in 
preparation) 
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(8)  Conclusions 

•  Physiological  plasma  levels  of  progesterone  and  estrogen  are  neuroprotective  in  a  rat 
kainic  acid  model  of  status  epilepticus.  The  mechanism  of  neuroprotection  is 
different  for  these  two  gonadal  hormones. 

•  As  there  is  an  interaction  between  progesterone  and  estrogen,  their  combined  effects 
at  different  doses  should  be  studied  in  different  animal  models  of  brain  injury, 
including  the  kainate  model  and  the  controlled  cortical  impact  model  of  traumatic 
brain  injury. 

•  The  mechanisms  and  regulation  of  mitochondrial  gene  expression  and  reactive 
oxygen  species  production  are  highly  complex  but  also  highly  relevant  to  brain  injury 
due  to  acute  insults  and  to  chronic  neurodegenerative  diseases.  The  relationships  that 
exist  between  mitochondrial  cytochrome  c  release  caused  by  Ca2+  and  Bax  and 
mitochondrial  free  radical  generation  may  be  particularly  important  in  understanding 
the  molecular  pathophysiology  of  Parkinson’s  disease  and  of  related  brain  injury 
caused  by  mitochondrial  neurotoxins. 
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.S'3;*0"  °fexprf  Ssion  ^  mitochondrial  DNA-  (mtDNA-)  encoded  genes  of  oxidative  phosphorylation  can  occurraoidlv  in 

sulatine  these  nm^  l°  *  ofphys,oloSlcal  and  pathological  conditions.  However,  the  intracellular  signal(s)  involved  in 
g  P.  cesses  r^nam  unknown.  Using  mtDNA-encoded  cytochrome  oxidase  Subunit  III  (COX  III)  we  show  that 

.mRNA  expression  m  a  differentiated  rat  pheochromoeytoma  cell  line  PC  12S  is  decreased  by  chronic  exposure  Aat 

crease  intracellular  sodium.  Treatment  of  differentiated  PC12S  cells  either  with  ouabain,  an  inhibitor  of  Na/K-ATPase  or 
ihmonensm.a  sodium  lonophore,  decreased  the  steady-state  levels  of  COX  III  mRNA  by  50%.  3^1  h  after  addition  of  the 
f  l  fant  reduCtl0n  ,n  mtDNA-encoded  12S  rRNA  or  nuclear  DNA-encoded  p-actin  mRNA  were  observed 
'™.1  ,°f„the  drug*  restored  ,he  normal  ‘evels  of  COX  III  mRNA.  Determination  of  half-lives  of  COX  III  mRNA  12S 
JJA,  and  p-actm  mRNA  revealed  a  selective  decrease  in  the  half-life  of  COX  III  mRNA  from  3.3  h  in  control  cells  to  1  6  h  in 
^am-treated  celis.  and  to  1  h  in  monensin-treated  cell.  These  results  suggest  the  existence 
ptional  regulation  of  mitochondrial  gene  expression  that  is  independent  of  the  energetic  status  of  the  cell  and  mav  onerate 
to  tol.olog.to  conditions.  C  2001  Elsevier  Science  B.V.  ,„d  Mi.ochond™  a 

ywords:  Neural  cells;  Mitochondrial  mRNA;  Intracellular  sodium  i  1  .  ! 


Introduction 

Neurons  depend  on  a  high  rate  of  mitochondrial 
idative  metabolism  to  produce  ATP  (Erecinska 
d  Silver,  1989).  ATP  is  needed  for  ion  pumping 
restore  the  cellular  membrane  potential  after  depo- 
ization.  The  mitochondrial  respiratory  chain 
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consists  of  five  multisubunit  oxidative  phosphoryla¬ 
tion  (OXPHOS)  enzyme  complexes.  Four  of  these 
OXPHOS  complexes,  including  Complex  IV  (cyto¬ 
chrome  oxidase  (COX)),  are  bipartite  in  nature, 
consisting  of  subunits  derived  from  both  mitochon¬ 
drial  DNA  (mtDNA)  and  nuclear  DNA  (nDNA), 
Mitochondrial  DNA  encodes  13  polypeptides,  all  of 
which  are  necessary  for  electron  transport  and 
OXPHOS.  The  large  number  of  remaining  subunits 
is  specified  by  the  nuclear  genome.  To  form  active 
enzyme  complexes,  both  mtDNA-  and  nDNA- 
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encoded  subunits  are  required  (Attardi  and  Schatz, 
1988). 

Neuronal  activity  and  energy  demand  influence  the 
expression  of  mitochondrial  DNA-encoded  genes.  For 
example,  under  conditions  of  decreased  neuronal 
activity  induced  by  afferent  impulse  blockade,  neuro¬ 
nal  mitochondrial  gene  expression  and  COX  enzyme 
activity  are  decreased  (Wong-Riley,  1989;  Wong- 
Riley  et  al.,  1997).  Removal  of  the  afferent  impulse 
blockade  restores  basal  mitochondrial  gene  expres¬ 
sion  and  COX  activity  (Wong-Riley,  1989;  Wong- 
Riley  et  al.,  1997).  Such  regulation  occurs  mainly  at 
the  transcriptional  level  (Wong-Riley  et  al.,  1997; 
Zhang  and  Wong-Riley,  2000a, b).  Using  the  in  orga- 
nello  method,  it  was  shown  that  high  intramitochon- 
drial  ATP  levels  suppress  transcription  of  mtDNA, 
explaining  how  energy  demand  can  regulate  mtDNA 
transcription  (Gaines  and  Attardi,  1984;  Enriquez  et 
al.,  1996a,b).  Apart  from  transcriptional  control,  the 
primary  regulation  of  mitochondrial  gene  expression 
is  based  on  differences  in  RNA  stability.  Thus, 
although  mitochondrial  gene  expression  is  a  major 
component  in  the  regulation  of  energy  metabolism 
of  the  cell,  the  contribution  of  transcriptional  and 
posttranscriptional  mechanisms  to  the  overall  regula¬ 
tion  of  mitochondrial  gene  expression  is  not  known 
(Kagawa  and  Ohta,  1990). 

The  goal  of  our  present  study  was  to  probe  the 
mechanism  of  regulation  of  mitochondrial  gene 
expression  under  conditions  of  chronic  exposure  to 
two  drugs  that  increase  intracellular  sodium  ([Na]j) 
but  by  two  different  independent  mechanisms. 
Ouabain  reduces  cellular  Na+  efflux  by  inhibiting  the 
Na/K-ATPase  and  would  be  expected  to  reduce  cellu¬ 
lar  energy  demand.  Monensin  is  a  Na+  ionophore, 
which  in  contrast  to  ouabain,  would  increase  the  cellu¬ 
lar  energy  demand  through  futile  cycling  of  Na+  across 
the  plasma  membrane.  These  expected  effects  on 
energy  metabolism  were  confirmed  by  measurements 
of  cellular  ATP/ADP  ratios  and  compared  to  the  levels 
of  mtDNA-encoded  cytochrome  oxidase  subunit 
(COX  III)  mRNA  in  cultures  of  nerve  growth  factor- 
(NGF-)  induced  differentiated  PC  12  neural  cells.  Both 
the  levels  and  half-lives  of  COX  III  mRNA,  mtDNA- 
encoded  12S  rRNA,  and  nDNA-encoded  (3-actin 
mRNA  were  quantified.  Our  results  indicate  a  selective 
decrease  in  mtDNA-encoded  mRNA  stability  in  both 
ouabain-  and  monensin-treated  cells,  suggesting  a 


Na+-mediated  mechanism  of  posttranscriptional  regu¬ 
lation  that  is  independent  of  the  energetic  status  of 
the  cell  in  neuronal  cultures.  A  part  of  this  work  has 
been  published  as  abstract  (Liu  et  al.,  1999). 


2 .  Methods  and  materials 

2.1 .  Cell  culture 

A  morphological  variant  of  rat  pheochromocytoma 
PC  12  cells  (PC12S)  that  has  the  ability  to  grow  in 
tissue  culture  dishes  without  polylysine  treatment 
was  used  in  experiments  (Fukuyama  et  al.,  1993). 
PC12S  cells  were  maintained  in  Dulbecco’s  modified 
Eagle’s  medium  (DMEM)  containing  2  mM  gluta¬ 
mine,  7.5%  heat  inactivated  fetal  calf  serum,  7.5% 
heat  inactivated  horse  serum,  and  penicillin-strepto¬ 
mycin.  Differentiation  was  induced  by  the  addition  of 
NGF  (Life  Technologies,  MD,  USA)  at  50  fig/ml  to 
the  cell  culture  medium.  We  showed  previously  that 
the  morphology  of  PC12S  cells  resembles  that  of 
sympathetic  neurons  after  addition  of  NGF  for  5 
days  (Fukuyama  et  al.,  1993).  Differentiated  PC12S 
maintained  in  NGF  for  10  days  was  used  throughout 
the  experiments. 

2.2.  Chemicals 

All  reagents  and  chemicals  used  were  of  the  highest 
grade  available  from  Sigma  Chemical  Co.  (St.  Louis, 
MO,  USA).  Stock  solutions  of  actinomycin  D  and 
ouabain  were  prepared  in  water,  whereas  monensin 
was  dissolved  in  95%  ethanol.  When  ethanol  was 
used  as  a  solvent,  appropriate  control  experiments 
were  conducted  using  the  vehicle  alone.  Ethanol 
concentrations  were  always  <0.1%. 

2.3.  Experimental  procedure 

Cells  grown  in  60  X  15  mm  dishes  were  treated 
either  with  ouabain,  at  a  final  concentration  of 
1  mM,  or  with  monensin,  at  a  final  concentration  of 
100  nM.  At  timed  points  over  a  6-h  period,  cells  were 
washed  with  Dulbecco’s  phosphate  buffered  saline 
(DPBS)  without  calcium  and  magnesium  and  total 
RNA  was  isolated  using  the  TRlzoI  reagent  as  recom¬ 
mended  by  the  manufacturer  (Life  Technologies,  MD, 
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USA).  Total  RNA  was  subjected  to  Northern  blot 
analysis  as  described  below. 

The  reversibility  of  the  effect  of  ouabain  and 
monensin  on  mitochondrial  gene  expression  was  eval¬ 
uated  by  exposing  the  differentiated  PC12S  cells  to 
the  drugs  for  a  period  of  6h.  The  cells  were  then 
washed  three  times  with  DPBS  without  calcium  and 
magnesium,  fresh  DMEM  growth  medium  with  NGF 
was  added,  and  total  RNA  was  isolated  at  various 
times  over  a  24-h  period  and  processed  for  Northern 
blot  analysis. 

The  effect  of  ouabain  or  monensin  on  the  stability 
of  mtDNA-  and  nDNA-encoded  transcripts  was  deter¬ 
mined  by  adding  the  transcriptional  inhibitor  actino- 
mycin  D  to  the  cultures  at  a  final  concentration  of 
5  (xg/ml.  After  1  h,  either  vehicle  or  ouabain  or 
monensin  was  added.  Total  RNA  was  isolated  at 
various  times  over  an  8-h  period  and  processed  for 
Northern  blot  analysis. 

2.4.  RNA  analysis 

Ten  jxg  of  total  RNA  was  run  on  a  1.2%  formalde¬ 
hyde  agarose  gel  and  transferred  on  to  a  GeneScreen 
Plus  membrane  as  described  by  the  manufacturer 
(Dupont,  New  England  Nuclear,  MA,  USA).  Prehy¬ 
bridization  and  hybridization  were  done  with  Hybri- 
dizol  reagent  (Hybridizol  I  and  II  mixed  in  the  ratio  of 
4:1,  Oncor,  MD,  USA).  The  blots  were  prehybridized 
at  42°C  for  16  h,  then  [3‘P]-labeled  cytochrome 
oxidase  subunit  III  (COX  III)  probe  was  added  and 
hybridized  for  48  h  at  42°C  (Chandrasekaran  et  al., 
1994).  The  blots  were  washed  with  increasing  strin¬ 
gency  and  the  final  wash  was  performed  at  65°C  with 
0.2  X  SSC  (1  X  SSC  =150  mM  sodium  chloride  and 
15  mM  sodium  citrate)  and  1%  sodium  dodecylsulfate 
(SDS).  The  blots  were  exposed  to  X-ray  film  (Bio¬ 
max  MS,  Kodak,  NY,  USA)  with  an  intensifying 
screen  for  45  min  to  2  days  at  -70°C.  Probe  was 
removed  from  the  blots  by  placing  them  in  boiling 
DEPC-treated  water  for  10  min.  The  blots  were  then 
rehybridized  with  a  [3"P]-labeled  control  p-actin 
probe  as  described  above.  Finally,  the  blots  were 
hybridized  with  12S  rRNA  probe.  The  level  of  RNA 
hybridized  was  quantified  using  an  image  analysis 
program  (NIH  image  1,57  program  written  by 
Wayne  Rasband,  NIH).  To  maintain  measured  inten¬ 
sities  within  the  linear  range,  the  blots  hybridized  with 


different  probes  were  exposed  for  different  periods. 
The  level  of  RNA  was  quantified  from  autoradio¬ 
grams  of  lower  exposure  than  was  used  for  photogra¬ 
phy.  Ratios  of  COX  III  mRNA  to  p-actin  mRNA  and 
12S  rRNA  to  P-actin  mRNA  were  calculated  (Chan¬ 
drasekaran  et  al.,  1994).  ;  ; 

2.5.  Probe  preparation  and  labeling 

Cytochrome  oxidase  subunit  III,  12S  rRNA  and  p- 
actin  probes  were  prepared  by  isolating  the  cDNA 
insert  from  the  plasmid  clones  (American  Type 
Culture  Collection,  VA,  USA).  The  cDNA  fragments 
were  gel  purified  and  labeled  with  [32PJ  dCTP  using  a 
random  primed  labeling  kit  (Pharmacia,  NJ,  USA). 
The  labeled  probes  were  purified  using  probe  purifi¬ 
cation  columns  (Pharmacia,  NJ,  USA).  Northern  blots 
hybridized  with  either  probe  showed  a  single  band  of 
expected  size,  verifying  the  specificity  of  the  probes. 

2.6.  Estimation  of  half-lives  of  COX  III  mRNA,  12S 
rRNA,  and  (3 -act in  mRNA 

Ten  fig  of  total  RNA  from  cells  treated  with  either 
vehicle  or  ouabain  or  monensin  in  the  presence  of 
actinomycin  D  was  subjected  to  Northern  blot  analy¬ 
sis,  The  blots  were  hybridized  with  COX  III,  12S 
rRNA,  and  p-actin  probes  arid  the  levels  of  the  respec¬ 
tive  RNA  species  were  quantified.  Levels  of  P-actin 
mRNA  are  expressed  as  the  percentage  of  p-actin 
mRNA  remaining  at  each  experimental  time 
compared  to  zero  time.  Levels  of  COX  III  mRNA 
and  l2S  rRNA  were  calculated  as  the  ratio  of  the 
respective  species  to  the  level  of  P-actin  mRNA.  At 
each  experimental  time,  the  RNA  ratios  are  expressed 
as  a  percentage  of  the  ratio  at  time  zero.  The  half-lives 
were  determined  from  the  equation  tm  -  0.301 /slope 
of  the  best-fit  line  (logic  remaining  RNA  versus  time). 

2.7.  Measurement  of  ATP/ADP  ratio 

Differentiated  PC12S  cells  were  treated  with  vehi¬ 
cle  or  ouabain  or  monensin  for  various  periods  as 
described.  Nucleotides  were  extracted  using  hot 
methanol  (Shryock  et  al.,  1986),  Briefly,  the  cells 
were  scraped  in  5  ml  of  hot  (75°C)  80%  methanol 
containing  0.5  mM  EDTA.  The  extract  was  centri¬ 
fuged  at  8000  X  g  for  10  min  at  4°C.  The  supernatant 
was  transferred  to  a  fresh  glass  tube  and  evaporated  to 
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dryness.  The  residue  was  dissolved  in  1  ml  distilled 
water,  0.5  ml  chloroform  was  added,  vortexed,  and 
the  samples  were  centrifuged  at  2000  X  g  for  4  min 
at  10°C.  Fifty  |xl  of  the  aqueous  solution  was  injected 
on  HPLC  columns.  The  adsorbosphere  nucleotide- 
nucleoside  column  (7  |xm,  250x4.6  mm,  Allteck) 
with  two-solvent  system  was  used  for  separation  of 
ATP  and  ADP.  Solvent  A  contained  60  mM 
NH4H2P04,  5  mM  tetrabutyl-ammonium  phosphate, 
pH  5.0  and  solvent  B  contained  methanol  with 
5  mM  tetrabutyl-ammonium  phosphate.  The  gradient 
of  HPLC  was  from  90  to  64%  of  solvent  A  during  a 
period  of  20  min,  then  maintained  for  10  min,  then 
returned  to  90%  of  solvent  A  for  10  min.  The  flow 
rate  was  1  ml/min  and  the  nucleotides  were  detected 
at  259  nM.  The  resolution  of  ADP  and  ATP  were 
determined  using  external  ATP  and  ADP  standards. 
The  peak  areas  were  used  to  calculate  the  ratio  of  ATP 
to  ADP. 

2.8.  Measurement  of  intracellular  sodium 

PC12  cells  were  differentiated  with  NGF  (50  ng/ 
ml)  for  5  days.  In  order  to  measure  the  intracellular 
sodium  concentration  rather  than  the  influx,  the 
culture  medium  was  replaced  with  a  medium  contain¬ 
ing  NGF  and  22Na  (5  |xCi  or  185  KBq  per  ml)  for 
another  5  days.  Measurement  of  intracellular  22Na 
showed  that  an  equilibration  between  added  radioac¬ 
tive  label  with  the  cold  sodium  in  the  medium  was 
achieved  within  24  h.  The  cells  were  then  treated  for 
various  time  periods  with  either  the  vehicle  or  monen- 
sin  (final  concentration:  100  nM).  The  reaction  was 
terminated  by  aspiration  of  the  medium,  and  the 
cells  were  quickly  washed  twice  with  ice-cold 
DPBS  and  digested  for  1  h  in  0.2  ml  of  1  M  NaOH 
at  room  temperature.  Cell  digests  were  assayed  for 
2"Na  contents  by  scintillation  counter. 

2.9.  Statistical  analysis  cind  replication  of  results 

The  results  presented  are  representative  of  at  least 
three  to  five  independent  experiments.  Where  indi¬ 
cated,  statistical  analysis  was  carried  out  using  a 
one-way  analysis  of  variance  (ANOVA)  followed  by 
Tukey’s  test  for  multiple  comparisons.  The  differ¬ 
ences  were  considered  significant  when  P  <  0.05. 


3.  Results 

3.1.  Treatment  of  differentiated  PC12S  cells  with 
ouabain  or  monensin  alters  the  ratio  of  ATP /ADP 

Ouabain,  an  inhibitor  of  the  plasma  membrane  Na/ 
K-ATPase,  and  monensin,  an  Na+  ionophore,  are 
useful  tools  for  elevating  [Na]j  (Pressman  and 
Fahim,  1982).  This  effect  of  monensin  on  dilferen- 
tiated  PC12S  cells  was  confirmed  by  incubating  cell 
cultures  in  the  presence  of  22Na.  Exposure  of  cell 
cultures  for  3  h  to  100  nM  monensin  resulted  in  a 
500%  increase  in  22Na,  from  30  ±  5  to 
150  ±  12  pmoI/jj.g  protein.  Exposure  of  cell  cultures 
to  ouabain  (1  mM)  for  3  h  resulted  in  a  300%  increase 
in  2“Na,  from  30  ±  5  to  85  ±  9  pmol/fig  protein 
(Pressman  and  Fahim,  1982). 

The  effect  of  ouabain  and  monensin  on  cellular 
ATP/ADP  ratios  was  tested.  Addition  of  ouabain 
caused  a  rapid  and  nearly  100%  increase  in  the 
ATP/ADP  ratio  followed  by  a  return  to  a  ratio  that 
was  still  significantly  higher  ( -  50%)  than  that  of 
vehicle-treated  cells  (Fig.  1).  Addition  of  100  nM 
monensin  resulted  in  a  sustained,  approximately 
40%  decrease  in  ATP/ADP  ratio.  These  results 
suggested  that  in  differentiated  PC12S  cells,  the  Na/ 
K-ATPase  is  one  of  the  major  consumers  of  ATP. 


Fig.  1.  Time  course  and  extent  of  ouabain-  and  monensin-induced 
ATP/ADP  ratio  changes  in  differentiated  PCI2S  cells.  Extracts 
were  prepared  with  hot  methanol  from  cells  that  were  treated  with 
the  drugs  for  various  time  periods.  The  nucleotide  phosphates  were 
resolved  using  HPLC  and  the  ratio  of  ATP  to  ADP  was  determined 
from  their  peak  areas.  Each  point  is  the  mean  ±  SEM  of  four  sepa¬ 
rate  experiments. 
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Inhibition  of  the  sodium  pump  by  ouabain  reduces  the 
consumption  of  ATP  and  thereby  increases  the  ATP/ 
ADP  ratio.  In  contrast,  influx  of  sodium  ions  by  the 
ionophore,  monensin,  activates  the  pump,  causing  an 
increased  consumption  of  ATP  and  a  decreased  ATP/ 
ADP  ratio.  However,  measurements  of  ceil  viability 
using  trypan  blue  exclusion  indicated  no  decrease  in 
viability  {>95%  trypan  blue  exclusion)  following  at 
least  6  h  exposure  to  either  ouabain  or  monensin. 
Microscopic  examination  of  the  cells  indicated  that 
within  1  h  after  the  addition  of  ouabain  or  monensin 
there  was  cell  swelling.  This  was  likely  due  to 
increased  intracellular  sodium  ion  [(Na^J,  caused 
either  by  an  inhibition  of  Na/K-ATPase  (ouabain)  or 
by  an  influx  of  sodium  ions  (monensin),  accompanied 
by  a  passive  influx  of  Cl  and  shifts  in  water  content. 

5.2  Chronic  treatment  of  differentiated  PC12S  cells 
with  ouabain  decreases  mtDNA-encoded  COX  III 
mRNA  levels 

To  examine  the  effects  of  ouabain  and  monensin  on 
mtDNA-encoded  COX  subunit  III  gene  expression,  it 
was  first  necessary  to  ascertain  the  steady-state  level 
of  COX  III  mRNA  in  PC12S  cells  treated  with  vehi¬ 
cle,  PC12S  cells  were  differentiated  with  NGF  for  10 
days.  The  cells  were  treated  with  the  vehicle  (water  or 
ethyl  alcohol  (0,01%))  for  various  periods  of  time, 
total  cellular  RNA  was  isolated,  and  10  pg  aliquots 
were  subjected  to  Northern  analysis  as  described  in 
Section  2.  Blots  of  RNA  were  probed  with  mtDNA- 
derived  cDNAs  encoding  COX  III  and  12S  rRNA  as 
well  as  nDNA-derived  cDNA  encoding  3-actin. 
Levels  of  3-actin  mRNA  were  determined  to  ensure 
that  equivalent  amounts  of  RNA  were  loaded  and 
transferred  into  each  lane  in  Northern  blot  analyses. 
The  results  showed  that  there  was  no  evidence  of  any 
significant  modulation  of  steady-state  transcript  levels 
of  COX  III,  I2S  rRNA,  and  3-actin  genes  in  vehicle- 
treated  PCI 2S  cells  (not  shown). 

Treatment  of  differentiated  PC12S  cells  with  the 
Na/K-ATPase  inhibitor  ouabain  decreased  the 
steady-state  levels  of  mtDNA-encoded  COX  III 
mRNA  (Fig.  2a,c).  Mitochondrial  DNA-encoded 
12S  rRNA,  however,  was  unaffected  by  ouabain  treat¬ 
ment  (Fig.  2a,b).  To  ensure  that  the  quantity  of  125- 
specific  radiolabeled  probes  were  not  limiting  in  this 
experiment,  serial  dilutions  of  RNA  from  these  cells 


were  subjected  to  dot-blot  analysis  with  specific 
probes,  and  analysis  confirmed  that  the  steady-state 
quantity  of  12S  rRNA  was  indeed  unaffected  (data 
not  shown).  There  was  also  no  evidence  of  any  signif¬ 
icant  ouabain-induced  modulation  of  steady-state 
nDNA-encoded  3-actin  mRNA  levels  (Fig,  2a). 
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Fig.  2.  The  time  course  of  changes  in  p-actin  mRNA,  12S  rRNA, 
and  COX  III  mRNA  levels  in  ouabain-treated  cells.  The  p-actin 
mRNA,  12S  rRNA,  and  COX  III  mRNA  levels  of  differentiated 
PC12S  cells  exposed  to  ouabain  (final  concentration  1  mM)  for 
the  indicated  periods  were  determined  by  Northern  blot  analysis 
and  quantified  by  image  analysis  of  autoradiograms.  The  relative 
changes  in  p-actin  mRNA  was  related  to  zero  time  samples.  The 
ratio  of  COX  HI  mRNA  to  P-actin  mRNA  and  12S  rRNA  to  P-actin 
mRNA  ratio  was  calculated  at  each  time  point  and  was  then  related 
to  the  ratio  of  zero  time  samples.  Each  point  is  the  mean  ±  SEM  of 
three  to  five  separate  experiments.  The  asterisk  indicates  the  signif¬ 
icant  difference  from  zero  time  samples  (P  <  0,05). 
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These  results  taken  together  with  the  elevation  of  the 
ATP/ADP  ratio  by  ouabain  shown  in  Fig.  1  suggested 
that  inhibition  of  the  sodium  pump  by  ouabain 
decreased  the  consumption  of  ATP  (energy  demand) 
and  consequently  decreased  the  levels  of  mtDNA- 
encoded  COX  III  mRNA. 


3.5.  Treatment  of  differentiated  PC12S  cells  with 
ouabain  or  monensin  decreases  the  stability  of 
mtDNA-encoded  COX  III  mRNA 

To  test  whether  the  decrease  in  mtDNA-encoded 


3.3.  Chronic  treatment  of  differentiated  PC12S  cells 
with  monensin  decreases  mtDNA-encoded  COX  III 
mRNA  levels 

If  ouabain  decreased  mitochondrial  gene  expres¬ 
sion  by  decreasing  cellular  energy  demand,  it  follows 
that  exposure  of  cells  to  a  condition  that  increases 
energy  demand  should  increase  gene  expression. 
Thus,  cells  were  exposed  to  the  Na+  ionophore 
monensin,  anticipating  that  the  levels  of  COX  III 
mRNA  would  increase  due  to  the  decrease  in  the 
ATP/ADP  ratio  (see  Fig.  1)  caused  by  cycling  of 
Na+  across  the  plasma  membrane.  Although  there 
was  a  trend  toward  an  increase  in  COX  III  mRNA 
following  1  h  exposure  to  monensin,  the  net  effect 
was  a  significant  decrease  3  and  6  h  after  addition  of 
monensin.  Mitochondrial  DNA-encoded  12S  rRNA, 
however,  was  unaffected  by  monensin  treatment 
(Fig.  3a, b).  There  was  also  no  significant  monensin- 
induced  modulation  of  steady-state  nDNA-encoded 
3-actin  mRNA  levels  (Fig.  3a). 

3.4.  Removal  of  ouabain  and  monensin  restores . 
normal  levels  of  mtDNA-encoded  COX  III  mRNA 

Differentiated  PC12S  cells  were  treated  with 
ouabain  or  monensin  for  a  period  of  6  h.  The  cells 
were  washed  free  of  drugs  and  replaced  with  fresh 
medium.  As  shown  in  Fig.  4,  removal  of  drugs 
restored  the  normal  levels  of  COX  III  mRNA  within 
12  h,  suggesting  that  the  decrease  in  COX  III  mRNA 
was  not  due  to  the  toxicity  of  ouabain  and  monensin. 
Moreover,  cell  viability  as  measured  by  trypan  blue 
dye  exclusion  showed  that  the  cells  remained  viable 
after  addition  of  ouabain  or  monensin  up  to  a  period  of 
6h.  Estimation  of  mtDNA  by  dot-blot  analysis 
showed  no  significant  reduction  in  both  ouabain- 
and  monensin-treated  cells  compared  to  vehicle-trea¬ 
ted  cells,  suggesting  that  the  observed  decrease  in 
COX  III  mRNA  was  not  due  to  loss  of  mitochondria 
(not  shown). 
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Fig.  3.  The  time  course  of  changes  in  p-actin  mRNA,  12S  rRNA, 
and  COX  III  mRNA  levels  in  monensin-treated  cells.  The  p-actin 
mRNA,  I2S  rRNA,  and  COX  III  mRNA  levels  of  differentiated 
PCI2S  cells  exposed  to  the  vehicle  for  the  indicated  periods  were 
determined  by  Northern  blot  analysis  and  quantified  by  image 
analysis  of  autoradiograms.  The  relative  changes  in  (3-actin 
mRNA  were  related  to  zero  time  samples.  The  ratios  of  COX  III 
mRNA  to  p-actin  mRNA  and  of  12S  rRNA  to  p-actin  mRNA  were 
calculated  at  each  time  point  and  were  then  related  to  the  ratio  of 
zero  time  samples.  Each  point  is  the  mean  ±  SEM  of  five  separate 
experiments.  The  asterisks  denote  a  significant  difference  of  the 
sample  from  the  zero  time  samples  (P  <  0.05). 
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Fig.  4.  Effect  of  the  removal  of  ouabain  and  monensin  on  the  ratio  of 
COX  III  mRNA  to  P-aetin  mRNA,  Differentiated  PC12S  cells 
exposed  to  ouabain  and  monensin  for  a  period  of  6  h.  The  cells 
were  then  washed  free  of  drugs  and  were  maintained  in  normal 
culture  medium.  The  COX  III  mRNA  and  p-actin  mRNA  levels 
for  the  indicated  periods  were  determined  by  Northern  blot  analysis 
and  quantified  by  image  analysis  of  autoradiograms.  The  relative 
change  in  COX  III  mRNA/and  P-aetin  mRNA  ratio  was  related  to 
COX  III  mRNA/and  P-aetin  mRNA  ratio  of  zero  time  samples. 
Each  point  is  the  mean  ±  SEM  of  three  separate  experiments. 

COX  III  mRNA  In  ouabain-  or  monensin-treated  cells 
is  due  to  increased  degradation  or  decreased  synthesis, 
we  determined  the  half-life  of  COX  III  mRNA,  12S 
rRNA,  and  p-aetin  mRNA  in  control,  ouabain-,  and 
monensin-treated  differentiated  PC12S  cells.  Actino- 
mycin  D  has  been  previously  shown  to  inhibit  total 
cellular  transcription  in  PC  12  ceils  by  more  than  90%. 
To  estimate  half-lives,  actinomycin  D  was  added  to 
differentiated  PC12S  cells  and  after  I  h,  vehicle, 
ouabain,  or  monensin  was  added.  Total  cellular 
RNA  was  isolated  at  various  times  over  an  8-h  period. 
Throughout  this  period,  cell  viability  was  not  compro¬ 
mised  and  there  was  no  substantial  reduction  in  total 
RNA  yield  in  the  presence  of  actinomycin  D,  Fig.  5a 
shows  autoradiograms  of  RNA  isolated  and  probed 
with  COX  III  and  P-actin,  Clearly,  mRNA  encoding 
COX  HI  was  significantly  affected,  decreasing  the 
estimated  tm  from  3.3  h  in  control  cells  to  1,6  h  in 
ouabain-treated  cells  and  to  1  h  in  monensin-treated 
cells  (Fig.  4c),  respectively.  No  such  decrease  in  half- 
lives  were  observed  with  mtDNA-encoded  12S  rRNA 
(Fig.  4b)  and  nDNA-encoded  p-actin  mRNA  (Fig,  4a) 


in  both  ouabain-  and  monensin-treated  cells.  Also,  the 
estimated  im  of  COX  III  mRNA  in  control  cells  was 
much  shorter  (3.3  h)  when  compared  to  the  tm  of  12S 
rRNA  (17  h)  and  P-actin  mRNA  (>17  h). 


COX  III  mRNA  P-actin  mRNA 

(b)  !  4 


1234SS7S* 
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Fig.  5.  Estimation  of  half-lives  for  P-actin  mRNA,  12S  rRNA,  and 
COX  III  mRNA  in  control,  ouabain-,  and  monensin-treated  differ¬ 
entiated  PC12S  cells.  Total  cytosolic  RNA  was  isolated  from 
control,  ouabain-,  and  monensin-treated  cells  at  indicated  time 
points  after  termination  of  transcription  by  actinomycin  D,  and 
10  p.g  aliquots  were  subjected  to  Northern  blot  analysis  as  described 
in  Section  2.  Hybridization  was  quantified  by  image  analysis  of 
autoradiograms.  Semi-log  plots  of  transcript  remaining  versus 
time  is  depicted  in  the  case  of  P-actin  mRNA.  In  the  cases  of  12S 
rRNA  and  COX  III  mRNA,  the  ratios  of  12S  rRNA  to  p-actin 
mRNA  and  COX  III  mRNA  to  P-actin  mRNA  were  calculated. 
The  relative  change  in  the  ratio  was  related  to  the  ratio  of  zero 
time  samples.  Each  point  is  the  mean  ±  SEM  of  three  separate 
experiments. 
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4.  Discussion 

The  results  of  the  present  study  demonstrate  that 
chronic  treatment  with  both  ouabain  and  monensin 
induced  a  selective  decrease  in  mtDNA-encoded 
COX  III  mRNA  expression  in  differentiated  PC12S 
cells.  No  significant  decreases  were  observed  with 
mtDNA-encoded  12S  rRNA  and  with  nDNA-encoded 
3-actin  mRNA  in  both  ouabain-  and  monensin-treated 
cells.  Moreover,  estimation  of  mtDNA  by  dot-blot 
analysis  showed  no  significant  reduction  in  both 
ouabain-  and  monensin-treated  cells  compared  to 
vehicle-treated  cells.  The  observed  decrease  in  COX 
III  mRNA  levels  in  both  ouabain-  and  monensin-trea¬ 
ted  cells  is,  therefore,  not  due  to  either  loss  of  mito¬ 
chondria  or  a  general  breakdown  of  RNA.  On  the 
other  hand,  a  similar  reduction  in  both  ouabain-  and 
monensin-treated  cells  was  observed  with  mtDNA- 
encoded  COX  subunit-I  mRNA  and  -II  mRNA  (data 
not  shown).  Thus,  the  effect  of  ouabain  and  monensin 
appears  to  be  specific  for  mtDNA-encoded  mRNA 
and  not  for  rRNA.  This  may  relate  to  differences  in 
the  synthesis  and  stability  between  mtDNA-encoded 
mRNA  and  rRNA.  A  similar  decrease  in  COX  III 
mRNA  with  ouabain  and  monensin  was  observed 
also  in  undifferentiated  and  differentiated  PC  12  cells 
(T.  Tom,  personal  communication),  in  a  human  neuro¬ 
blastoma  cell  line  SHSY5Y  and  in  monensin-treated 
rat  primary  cerebellar  granule  neurons.  Thus,  it  is 
unlikely  that  the  choice  of  the  cell  culture  could 
account  for  the  ouabain-  and  monensin-induced 
response. 

Addition  of  ouabain  to  differentiated  PC12S  cells 
led  to  a  rapid  and  prolonged  rise  in  the  ATP/ADP 
ratio.  In  neural  tissues,  a  major  portion  of  the  energy 
derived  from  metabolism  is  used  to  restore  ionic 
gradients  to  resting  levels  and  the  Na/K-ATPase  is 
one  of  the  major  consumers  of  ATP  (Mata  et  al., 
1980;  Sokoloff,  1981;  Erecinska  and  Silver,  1989). 
Consistent  with  these  observations,  our  results  show 
that  an  inhibition  of  Na/K-ATPase  by  ouabain 
decreases  ATP  consumption  and  increases  the  ATP/ 
ADP  ratio  in  differentiated  PC12S  cells. 

We  originally  hypothesized  that  ouabain  would 
reduce  mitochondrial  gene  expression  as  a  direct 
consequence  of  an  elevated  ATP/ADP  ratio.  In  orga- 
nello  transcription  experiments  using  isolated  mito¬ 
chondria  show  that  mitochondrial  RNA  synthesis 


can  be  regulated  in  response  to  changes  in  intramito¬ 
chondria!  ATP  levels  (Gaines  et  ah,  1987;  Enriquez  et 
al.,  1996b).  High  levels  of  intramitochondrial  ATP 
suppress  mtDNA  transcription  possibly  by  inhibiting 
mitochondrial  RNA  polymerase,  presenting  a 
mechanism  by  which  energy  demand  could  regulate 
mtDNA  transcription  (Enriquez  et  al.,  1996b). 
Although  the  results  demonstrating  a  reduction  in 
COX  III  mRNA  levels  associated  with  increased 
ATP/ADP  levels  in  ouabain-treated  cells  is  consistent 
with  these  mechanisms  of  gene  regulation,  the  obser¬ 
vation  that  the  estimated  t\a  of  COX  III  mRNA  was 
decreased  from  3.1  h  in  control  cells  to  1.6  h  in 
ouabain-treated  cells  suggested  that  RNA  degradation 
rather  than  synthesis  was  the  primary  site  of  control 
by  ouabain.  This  result  suggests  that  both  transcrip¬ 
tional  and  posttranscriptional  mechanisms  are  likely 
to  be  involved  in  the  maintenance  of  a  steady  level  of 
mtDNA-encoded  COX  III  mRNA. 

The  unexpected  result  of  this  study  was  the 
observed  decrease  in  COX  III  mRNA  in  monensin- 
treated  cells.  Monensin  is  a  Na+-selective  ionophore 
that  causes  Na+  influx  with  a  corresponding  efflux  of 
H+  or  K+  in  numerous  cell  types  including  PC  12  cells 
(Pressman  and  Fahim,  1982;  Shier  and  DuBourdieu, 
1992).  Under  our  experimental  conditions,  we 
observed  a  500%  increase  in  22Na  after  exposure  of 
PC12S  cell  cultures  for  3  h  to  100  nM  monensin  (not 
shown).  Ionic  or  pharmacological  interventions  that 
increase  [Na+]j  levels  cause  significant  induction  of 
Na/K-ATPase  activity  and  functional  Na/K-pump 
sites  (Wolitzky  and  Fambrough,  1986;  Lingrel  and 
Kuntzweiler,  1994).  Addition  of  monensin  to  neuro¬ 
nal  cells  enhances  cellular  energy  metabolism  and 
increases  ATP  utilization  by  Na/K-ATPase,  presum¬ 
ably  to  restore  ionic  gradients  to  resting  levels  (Mata 
et  al.,  1980).  Accordingly,  we  found  that  the  addition 
of  monensin  to  differentiated  PC12S  cells  decreased 
the  ATP/ADP  ratio,  likely  due  to  increased  ATP 
consumption.  We  anticipated  that  with  elevated 
ATP  consumption,  there  would  be  an  up-regulation 
of  COX  III  mRNA.  Though  there  was  an  increase  in 
COX  III  mRNA  levels  in  the  first  hour  after  addition 
of  monensin,  the  levels  of  COX  III  mRNA  subse¬ 
quently  showed  a  significant  decrease.  We  interpret 
these  findings  to  suggest  that  the  initial  increase  repre¬ 
sents  a  mechanism  of  increased  expression  due  to 
increased  energy  demand.  The  decrease  in  COX  III 
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mRNA  following  chronic  exposure  to  monensin  COX  III  mRNA  remains  unknown.  RNA  binding 

suggests  the  presence  of  an  alternate  mechanism  for  proteins  that  function  to  protect  mRNA  fromdegrada- 

the  regulation  of  mitochondrial  gene  expression  that  is  tion  are  well  documented  (Jackson,  1993)°  The 

independent  of  the  energetic  status  of  the  cell  and  that  presence  of  an  abundant  mitochondrial  RNA-binding 

overrides  the  normal  regulation  by  energy  demand.  protein  has  been  known  (Dekkeret  al.,  1991).  Both 

This  decrease  in  mitochondrial  gene  expression  ouabain  and  monensin  induce  an  increase  in  intracel- 

under  conditions  of  increasing  energy  demand  is  not  lular  sodium  ion  concentration  [Na+Jj  in  a  number  of 

unique  to  this  system.  For  example,  levels  of  mtDNA-  cell  cultures  including  PC12  cells  (Pressman  and 

encoded  cytochrome  oxidase  subunit  I  (COX  I)  Fahim,  1982;  Boonstra  et  al.,  1983;  Shier  and 

mRNA  decreases  within  hours  in  CA1  neurons  of  DuBourdieu,  1992;  Blaustein  and  Lederer,  1999). 

gerbils  after  transient  forebrain  ischemia  (Abe  et  al..  Increased  [Na+]j  causes  subsequent  changes  in  intra- 

199 j).  This  early  decrease  in  COX  I  mRNA  occurs  in  cellular  Ca'  ,  osmolarity,  pH,  or  a  combination  of  the 

die  absence  of  a  decrease  in  mtDNA,  suggesting  above.  The  mechanism  by  which  the  increased  [Na+], 

impaired  mitochondrial  gene  expression  occurring  at  and  associated  cellular  changes  influence  the  stability 

the  level  of  transcription  and/or  turnover  of  mitochon-  of  mtDNA-eneoded  mRNA  remains  to  be  determined, 

drial  mRNA  (Abe  et  al.,  1993),  In  this  model  system.  In  summary,  we  suggest  that  there  are  likely  to  be  at 

the  decrease  in  COX  I  mRNA  occurs  when  the  energy  least  two  mechanisms  involved  in  the  regulation  of 

demand  is  high  on  these  cells  not  only  to  restore  ionic  mitochondrial  gene  expression.  A  physiological 

gradients  to  resting  levels  but  also  to  maintain  neuro-  mechanism  of  transcriptional  regulation  level  that 

nal  activity  (Arai  et  al,  1986;  Abe  et  al,  1993).  A  allows  mtDNA  to  synthesize  the  optimal  level  of 

disproportionate  decrease  in  mtDNA-eneoded  COX  mRNA  in  response  to  energetic  demands  (Enriquez 
subunit  mRNA  in  the  absence  of  changes  in  et  al.,  1996b).  The  results  presented  here  may  repre- 

mtDNA-encoded  12S  rRNA  is  also  observed  in  the  sent  a  second  mechanism  of  regulation  that  operates  at 

brains  of  Alzheimer  s  disease  (AD)  patients  (Chan-  the  level  of  stability  of  mRNA  that  is  independent  of 

drasekaran  eta!,,  1994,1998;  Hatanpaaet  al,  1996).  the  energetic  status  of  the  cell  and  that  may  operate 
One  explanation  for  the  observed  decrease  in  COX  under  pathologic  conditions.  This  mechanism  is  likely 
III  mRNA  but  not  of  12S  rRNA  is  the  relatively  short  to  be  pathological  because  this  overrides  the  normal 

half-life  of  COX  III  mRNA.  Decay  of  COX  III  regulation  by  energy  requirement,  causes  accelerated 

mRNA,  12S  rRNA,  and  p-actin  mRNA  in  the  degradation  of  transcripts,  and  is  counterproductive  to 

presence  and  absence  of  ouabain  or  monensin  were  the  actual  energy  demand  of  the  cell.  The  results 

calculated  after  inhibition  of  de  novo  mitochondrial  provide  a  potential  approach  to  determine  the  mole- 
and  nuclear  transcription  by  the  addition  of  actinomy-  cular  components  of  this  mechanism.  It  is  also  of 

cin  D  to  the  cell  culture  medium.  The  estimated  tm s  of  interest  to  determine  whether  this  mechanism  contri- 

COX  III  mRNA  in  control  cells  were  3.1  h  whereas  butes  to  neuronal  death  in  acute  and  chronic  neurode- 
the  estimated  f1/2s  of  12S  rRNA  and  of  (3-actin  mRNA  generative  diseases.  To  the  best  of  our  knowledge,  the 

were  greater  than  30  h.  Thus,  the  half-lives  of  present  study  is  the  first  to  demonstrate  that  mitochon- 

mtDNA-encoded  mRNAs  are  short.  These  estimated  drial  gene  expression  is  also  regulated  at  the  level  of 
half-lives  are  similar  to  the  results  reported  in  other  mRNA  stability  under  conditions  of  chronic  exposure 
cell  culture  systems  (Gelfand  and  Attardi,  1981;  to  elevated  intracellular  sodium. 
Chrzanowska-Lightowlers  et  al,  1994).  In  ouabain-  :  ’  :: 

and  monensin-treated  cells,  the  estimated  tm 
decreased  to  1.6  and  1  h,  respectively.  Thus,  there  is 

a  threefold  decrease  in  the  stability  of  COX  III  mRNA  Acknowledgements 
in  drug-treated  cells.  This  posttranscriptional  mechan¬ 
ism  operating  in  both  ouabain-  and  monensin-treated  This  work  was  supported  by  the  grants  from  the  US 

cells  is  likely  to  be  responsible  for  the  accelerated  Army  DAMD 17-99- 1-9483  to  G.F.,  from  NIH 

degradation  of  mtDNA-eneoded  mRNA.  The  precise  AGI6966A  to  K.C.,  and  from  AHA  Q051001U  to 

mechanism  that  mediates  a  decrease  in  the  stability  of  K.C. 
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Abstract 

Abnormal  accumulation  of  Ca2*  and  exposure  to  pro-apoptotic 
proteins,  such  as  Bax,  is  believed  to  stimulate  mitochondrial 
generation  of  reactive  oxygen  species  (ROS)  and  contribute  to 
neural  cell  death  during  acute  ischemic  and  traumatic  brain 
injury,  and  in  neurodegenerative  diseases,  e.g.  Parkinsons 
disease.  However,  the  mechanism  by  which  Ca2+  or  apoptotic 
proteins  stimulate  mitochondrial  ROS  production  is  unclear. 
We  used  a  sensitive  fluorescent  probe  to  compare  the  effects 
of  Ca2+  on  H202  emission  by  isolated  rat  brain  mitochondria  in 
the  presence  of  physiological  concentrations  of  ATP  and  Mg2* 
and  different  respiratory  substrates.  In  the  absence  of  respir- 1 
atory  chain  inhibitors,  Ca2*  suppressed  H202  generation  and  , 
reduced  the  membrane  potential  of  mitochondria  oxidizing 
succinate,  or  glutamate  plus  malate.  In  the  presence  of  the 
respiratory  chain  Complex  I  inhibitor  rotenone,  accumulation;  , 

Jr 


of  Ca2*  stimulated  H2C2  production  by  mitochondria  oxidizing 
succinate,  and  this  stimulation  was  associated  with  release  of 
mitochondrial  cytochromi  c.  In  the  presence  of  glutamate  plus 
malate,  or  succinate,  cytochrome  c  release  and  H202  forma¬ 
tion  were  stimulated  by  human  recombinant  full-length  Bax  in 
the  presence  of  a  BH3  cell  death  domain  peptide.  These 
results  indicate  that  in  the  presence  of  ATP  and  Mg2*,  Ca2* 
accumuiation'eifheF  inhibits  or  stimulates  mitochondrial  H202 
production,  depending  on  the  respiratory  substrate  and  the 
effect  of  Ca2*  on  the  mitochondrial  membrane  potential.  Bax 
,  J  plus  a  BI%#6main  peptide  stimulate  H202  production  by  brain 
f  mtoghondria  due  to  release  of  cytochrome  c  and  this  stimu- 
.  lation-is  insensitive  to  changes  in  membrane  potential. 
Keywords:  apoptosis,  BH3  domain,  cytochrome  c,  mem- 
brane  potential,  respiration,  superoxide. 
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Mitochondrial  production  of  reactive  oxygen  species  (ROS) 
is  thought  to  contribute  significantly  to  neuronal  cell  death 
caused  by  exeitotoxicity  and  vario^i|i€Ute"4nd  chronic 
neurological  disorders,  e.g.  cerebral  ischemia/reperfusion  and 
Parkinson’s  disease  (Benzi  etal  1982f%ciamanna  et  al 
1992;  Dykens  1994;  Fiskum  et  al.:f999;  Murphy  et  al  1999; 
Fiskum  2000;  Nicholls  and  Budd'2000).  Among  other 
factors,  mitochondrial  accumulation  o||jCa2+  that  occurs  in 
response  to  these  conditions  has  been  reported  to  promote 
the  generation  of  ROS  'fOykens  1994;  Kowaltowski  et  al 
1995;  Kowaltowski  etal.  1 996;  Kowaltowski  etal  1993a; 
Kowaltowski  et  a/.  1998b;,  Fiskum  2000;  Nicholls  and  Budd 
2000).  However,  massive  mitochondrial  Ca2+  accumulation 
also  inhibits  the  electron  transport  chain,  potentially  reducing 
the  flow  ofreieetrpns  necessary  for  reduction  of  02  to 
superoxide  anion  and  its  metabolites,  including  H202 
(Villalobo  and  Lehninger  1980).  Mitochondrial  Ca2*  seques¬ 
tration  also  reduces  the  mitochondrial  membrane  potential 
(AH1),  which  is  '  thermodynamical  Iy  linked  to  the  redox 
potential  of  sites  in  the  electron  transport  chain  responsible 
for  production  of  ROS.  Although  several  reports  have 


demonstrated  that  Ca2*  loading  enhances  ROS  generation 
in  brain  (Dykens  1994)  and  liver  (Kowaltowski  etal 
1995;  Kowaltowski  etal  1996;  Kowaltowski  etal  1998a; 
Kowaltowski  etal  1998b)  mitochondria,  the  mechanism 
responsible  for  this  stimulation  remains  elusive. 

Mitochondrial  functions  may  also  be  perturbed  during 
acute  neural  cell  injury  by  redistribution  of  pro-apoptotic 
proteins,  such  as  Bax  and  Bid,  to  mitochondrial  membranes 
where  permeability  changes  occur  that  result  in  release  to  die 
cytosol  of  other  pro-apoptotic  proteins,  e.g.  cytochrome  c 
(Fiskum  2000).  Release  of  cytochrome  c  has  been  associated 
with  increased  cellular  oxidative  stress  (Cai  and  Jones  1998), 
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although  a  direct  cause  and  effect  relationship  between 
release  and  stimulated  mitochondrial  ROS  generation  has  not 
been  demonstrated. 

One  puipose  of  this  study  was  to  clarify  the  effect  of  Ca2* 
uptake  on  ROS  production  by  isolated  brain  mitochondria. 
Experiments  were  designed  to  test  the  hypothesis  that  Ca2+ 
can  either  stimulate  or  inhibit  mitochondrial  ROS  generation, 
depending  on  the  source  of  electrons  donated  to  the 
respiratory  chain,  and  the  effects  of  Ca2+  accumulation  on 
the  retention  of  mitochondrial  cytochrome  c.  Another  aim  of 
the  study  was  to  test  the  hypothesis  that  mitochondrial  ROS 
production  is  stimulated  by  cytochrome  c  release  elicited  by 
exposure  to  Bax  and  a  peptide  containing  a  BH3  cell  death 
domain. 


Materials  and  methods 

Reagents 

Oligomyein,  antimycin  A3  and  rotenone  (Sigma,  St  Louis,  MO, 
USA)  were  dissolved  in  ethanol,  and  Amplex  Red  (^-acetyI-3,7* 
(dihydroxyphenoxazine;  Molecular  Probes,  Eugene  OR,  USA)  was 
dissolved  in  dimethylsulfoxide.  AH  other  reagents  were  purchased. 
from  Sigma.  AH  reagents  and  ethanol  were  tested  and  exhibited  no 
interference  with  the  H202  assay  at  the  concentrations  used  in  our, 
experiments.  The  sources  of  full-length  human  recombinant  Bax 
protein  and  of  the  synthetic  Bax  BH3  domain  peptide  have  been 
described  previously  (Fiskum  and  Polster  2001;  Polster  et  aL  200 JJ§ 


Isolation  of  brain  mitochondria  fa 

All  animal  experiments  were  conducted  in  accordance  with;^, 
guidelines  established  by  the  Institutional  Animal  Care  "and  jUse 
Committee  of  the  University  of  Maryland,  Baltimore,  fif..  JF  ,# 
Non-synaptosomal  rat  forebrain  mitochondria  were  isolated  by 
the  Percoll  gradient  separation  method  as  described  in  (Sims  1990). 
The  quality  of  the  mitochondrial  preparation  was  estimated  by 
measuring  the  acceptor  control  ratio  defined  asfADP-stimulated 
(State  3)  respiration  divided  by  resting  (StHl^)  respiration.  For 
these  experiments,  the  incubation  medium  consisted  of  125  him 
KCl,  20  nriM  HEPES  (pH  7.0),  2  rim  KH2PO4, 1  m.M  MgCl2,  5  him 
glutamate,  5  him  malate,  plus  0.8  mM  ADP,  Qxygen  consumption 
was  recorded  at  37 °C  with  a  Clarit-type  oxygen  electrode.  State  3 
respiration  was  initiated  by  the  addition  of  tj|5  mg  per  ml  rat  brain 
mitochondria  to  the  incubation  medium.  State  3  respiration  was 
terminated  and  State  4  initiated  by  tfie  addition  of  1  pM  carboxya- 
tractylate,  an  inhibitor  of  the  ADP/ATP  transporter.  Only  mitoch¬ 
ondrial  preparations  that  exhibited  aft  acceptor  control  ratio  greater 
than  8  were  used  in  this 


Measurement 

Incubation  medium  contained  125  mM  KCl,  20  mM  HEPES 
(pH  7.0),  2  mM  kH2P%4  mM  ATP,  5  mM  MgCI2,  1  pM  Amplex 
[Red,  5  U/mL  arid  40  U/rnL  Cu,Zn  and  was  maintained 
at  37°C,  uniess  stated  otherwise.  A  change  in  (he  concentration  of 
H202  in  the  medium  was  detected  by  fluorescence  of  the  oxidized 
Amplex  Red  product  using  excitation  and  emission  wavelengths  of 
550  and  585  nm,  respectively  (Zhou  et  at.  1997).  The  response  of 


Amplex  Red  to  H202  was  calibrated  either  by  sequential  additions 
of  known  amounts  of  H202  or  by  continuous  infusioddf  H202  at 
100-1000  pmoi/min.  The  concentration  of  commercial  30%  H202 
solution  was  calculated  from  light  absorbance  at  240  hm  eitnploying 
E240^  =  43,6;  the  stock  solution  was  dilufc^d^^OO-itM,  with 
_ water  and  used  for  calibration  immediately.  S"  ^ 

I  5- 

Cytochrome  c  release  from  mitochondria  ^ 

Aliquots  of  mitochondrial  suspemions^itilakeffatlier  during  or  at 
the  end  of  experiments  in  which  H202  generation  was  monitored. 
Mitochondria  were  separated  fromjthe  suspending  medium  by 
centrifugation  at  14  0(%  for  5  mia  The  siyerfiatant  was  care  fill ly 
removed  and  both  the  supernatant  and.  mitochondrial  pellet  fractions 
were  immediately  frozen  and  stored  -  20°C.  Cytochrome  c 
concentration  was  measured  I#  both  fractions  using  an  ELISA  kit 
(R  Sc  D  Systems,  Minneapolis,  MN,  USA).  Before  measurement, 
the  supernatant  and  pellet  samples  were  diluted  1  :  40  and  1  ;  60, 
respectively.  The  release  of  cytochrome  c  from  mitochondria  was 
expressed  as  the  content  dfcytochrome  c  in  the  supernatant  as  a 
percentage  of  J|eri  total  content  of  cytochrome  c  present  in  the 
supernatant  plus  pellet. 

1 

Measurements  of  4#  and  extramitochondrial  [Ca2+]  _ — — 

Qualitative  phanges  in  A¥  were  followed  using  the  fluorescence  of 
Bsafranine  0  (5  pM)  with  excitation  and  emission  wavelengths  of 
495  rim-and  5§6  nm,  respectively  (Votyakova  and  Reynolds  2001),  v 
Da  semiquhiititative  measurement  of  A^F  was  estimated  from  TPP+ 

*  lob  distribution  between  the  medium  and  mitochondria  using  a 
custom-made  TPP+-selective  electrode  (Kamo  et  al  1979).  For  ’ 
|iese  experiments,  incubation  medium  was  supplemented  with 
U6  |im  TPP+ Ci"  Both  the  TPP+-sensitive  and  reference  electrodes 
were  inserted  directly  into  the  fluorimeter  cuvette,  and  data  were 
^collected  using  an  amplifier  and  a  two-channel  data  acquisition 
system,  with  one  channel  acquiring  the  amplified  TPP+-electrode 
signal  while  another  was  dedicated  to  the  Amplex  Red  fluorescence 
signal.  The  electrode  response  was  calibrated  by  sequential  addition 
of  TPP^Cr  in  the  concentration  range  0.2-1 ,6  pM,  and  the 
mitochondrial  A*F  was  calculated  as  described  by  Rolfe  etai. 
(1994).  Alternatively,  A*F  values  were  calculated  by  the  procedure 
reported  by  Rottenberg  (1984),  assuming  that  the  matrix  volume  for 
brain  mitochondria  is  1.2  pL  per  mg  protein.  Both  procedures 
yielded  similar  results. 

Changes  in  the  extramitochondrial  medium  free  Ca2+  were 
followed  using  the  fluorescence  of  Calcium  Green  5N,  with 
excitation  and  emission  wavelengths  of  506  nm  and  532  nm, 
respectively. 


Results 

To  measure  relatively  low  rates  of  H2€>2  production  by  brain 
mitochondria,  we  used  a  fluorescent  dye/horseradish  peroxi¬ 
dase  detecting  system  employing  the  new  peroxidase 
substrate  Amplex  Red,  based  on  its  high  sensitivity  and 
very  low  background  fluorescence  in  the  absence  of  a 
biological  peroxide-generating  system  (Fig,  la,  curve  1),  We 
also  utilized  an  incubation  medium  that  contained  physio¬ 
logically  relevant  concentrations  of  K*,  Pt5  ATP  and  Mg2*,  as 
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Fig*  1  Effects  of  Ca2+  uptake  on  and  H202  production  by  brain 
mitochondria  oxidizing  glutamate  and  malate.  Incubation  medium 
maintained  at  37°C  was  supplemented  with  5  mM  glutamate,  5  mM 
malate  and  either  1  Amplex  Red  (a)t  100  nw  Calcium  Green  5N  (b) 
or  5  pw  ^afranin  O  (c)  for  measurements  of  H202f  medium  Ca2+ 
concentration  or  &¥,  respectively.  Mitochondria  (Mito)  were  added  at 
0.25  mg  per  mL^iteehendrij;  Ca2+  at  0,2  mM;  EGTA  at  0.5  mM, 
oligomycin  (Oligo)  at  0.5  pg/mL,  and  rotenone  at  0.5  pM.  in  tracings' 1, 
additions  were  made  folfowing  the  addition  of  mitochondria.  In 
tracings  2,  Ca2+  was  added  following  the  addition  of  mitochondria:  in 
tracings  3,  oligomycin  was  added  before  the  addition  of  Ca^The 
Jtalicized^numbers  in  (a)  represent  rates  of  H202  production  in  pmoles 
BEper  minute  per  milligram  mitochondrial  proteri.  ^ 

these  components  exert  dramatic  effects  on  the  response  of 
respiring  mitochondria  to  high  levels  of  Ca2+  (Murphy  et  aL 

_  1999)v..lJrider  these  conditions,  brain  mitochondria  are 

resistant  catastrophic  bioenergetic  and  morphological 
alterations  caused  by  the  Ca2+-induced  inner  membrane 
permeability  transition  compared  with,  for  example,  liver 
mitochondria,  but  are  still  susceptible  to  Ca2+-induced 


alterations  in  membrane  potential  and  cytochrome  c  release 
across  the  outer  membrane  (Andreyev  and  Fiskuni  1 999). 

Figure  la  curve  1  illustrates  that  isolated  mf;  brain 
mitochondria  respiring  on  the  NAD-linked  sulifites  glu¬ 
tamate  and  malate  produce  significant  amSSifeof  in 
the  absence  of  added  Ca2+  or  election  transport  chain 
inhibitors.  Under  these  conditions  the  medium  contaminating 
free  Ca2*  (approximately  5  jim  or  20  nmol  per  mg  protein), 
as  measured  by  the  fluorescent  indicator  Calcium  Green  5  N, 
was  accumulated  by  the  added  mitochondria  and  a  steady- 

_ state  medium  [Ca2*]  was  maintained  for  at  least  10-15  min 

■BCFig.  lb,  curve  1).  Parallel  safranirtj?  O  fluorescent  measure¬ 
ments  of  AV  indicated  that  A'FjfabiR&d  within  2  min  of  the  - 
mitochondrial  addition  and  remained  constant  for  at  least 
15  min  thereafter,  but  rapidly  dissipated  upon  addition  of  the 
respiratory  Complex^  ^inhibitor  rotenone.  When  brain  > 
mitochondria  were  exposed  to  a  single  Edition  of  Ca2+ 
(800  nmol  per  mg  protein);  H202  production  was  reduced  by 
approximately '  60%  (193  vs.  448  pmol  per  mg  protein) 
(Fig.  la,  curve  2).  This  amount  of  added  Ca2*  was  accumu¬ 
lated  entirely  by  the  rat  brain  mitochondria,  followed  by  a 
slow  and  partial  release  back  into  the  medium  5-10  min  later 
(Fig.'  lb,  curve  2).  The  addition  of  Ca2*  resulted  in  a 
Transient  reduction  in  AH^  as  expected  because  mitochondrial 
“P®*  occurs  via  an  electrophoretic  uniporter  that 
'  draws  upon  the  AH'  for  active  Ca2*  sequestration.  The 
■S-r  reduction  in  AH'  stimulates  respiration-dependent  H*  efflux 
that,  in  turn,  drives  H2P04~  influx  via  the  electroneutral 
H2P0470H-  antiporter.  Thus,  electophoretie  uptake  of  Ca2* 
Ifjfollowed  by  electroneutral  uptake  of  Pj  results  in  a  transient 
collapse  of  AH'  without  an  increase  in  pH.  Approximately 
1  min  after  the  addition  of  Ca2*  when  most  of  it  had  been 
accumulated,  AH'  recovered  back  to  its  initial  level  and 
remained  stable  for  at  least  10  min. 

Mitochondrial  Ca2*  uptake  can  be  driven  by  electrogenic 
H*  efflux  mediated  by  the  mitochondrial  F0Fi  ATPase  in 
addition  to  H*  extrusion  mediated  by  the  electron  transport 
chain.  Experiments  were  therefore  performed  in  the  presence 
of  oligomycin,  a  specific  inhibitor  of  the  mitochondrial 
ATPase,  to  determine  the  influence  of  ATPase  activity  on 
mitochondrial  Ca2*  uptake,  AH'  and  H202  production.  In  the 
presence  of  oligomycin,  die  rate  of  H202  production  before 
Ca2*  addition  was  slightly  higher  than  in  its  absence  (3 10  vs. 

242  pmol  per  mg  protein).  However,  following  the  addition 
of  Ca2*,  the  rate  of  H202  production  was  approximately  50% 
of  that  in  its  absence  (91  vs.  193  pmol  per  mg  protein),  and 
only  20%  of  that  observed  in  the  absence  of  added  Ca2*  (91 
vs,  448  pmol  per  mg  protein)  (Fig.  la,  curve  3).  In  the 
presence  of  oligomycin,  mitochondrial  Ca2*  uptake  was 
initially  as,  or  more,  rapid  than  in  its  absence  but  converted  to 
a  relatively  very  slow,  sustained  rate  of  net  uptake  within  a 
minute  after  the  addition  of  Ca2*  (Fig.  lb,  curve  3).  The 
presence  of  oligomycin  also  resulted  in  a  greater  decline  in 
AH'  upon  addition  of  Ca2*  and  a  sustained  reduction  in  AH' 
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for  at  least  8  min  (Fig,  lc,  curve  3).  The  Ca2+-dependent 
reduction  in  AW  was  partially  reversed  by  the  subsequent 
addition  of  the  Ca24*  chelator  EGTA  (Fig,  lc,  curve  3),  as  was 
the  Ca2"-dependent  reduction  in  H202  production  (Fig.  la, 
curve  3),  Thus,  ATPase-mediated  electrogenic  efflux 
contributes  to  the  maintenance  of  A'F  during  and  following 
mitochondrial  uptake  of  large  Ca2+  loads,  but  is  incapable  of 
completely  sustaining  AW  in  the  absence  of  respiration. 

Mitochondrial  ROS  production  was  much  faster  with 
Complex  II-linked  substrate  succinate  compared  with  Com¬ 
plex  I-dependent  'substrates.  Within  2  min  following  die 
addition  of  rat  brain  mitochondria  to  the  incubation  medium 
containing  5  mM  succinate,  there  was  a  dramatic  increase  in 
H202  production  (Fig.  2a),  at  a  rate  that  was  seven  to  eight 
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Fig.  2  Effects  of  Ca2+  uptake  on  A¥  and  H202  production  by  brain 
mitochondria  oxidizing  succinate.  Incubation  medium  maintained  at 
37°C  was  supplemented  with  5  mM  succinate  and  either  1  jim  Amplex 
Red  (a)  or  5  pm  ffafranin  O  (b)  for  measurements  of  H202  or 
respectively.  Mitochondria  (Mito)  were  added  at  0.125  mg  per  mL 
kwteehendFd;  Ca2+  at  0.2  mM;  EGTA  at  0.5  mM,  rotenone  at  0,5  pw, 
Ijcarboxyatractylo^fide  (cAtr)  at  1  pM  and  FCCP  at  50  nw.  The  italicized 
numbers  in  pane!  (a)  represent  rates  of  H2D2  production  in  pmoles  per 
minute  per  milligram  mitochondrial  protein. 


times  faster  than  that  observed  in  the  presence  of  glutamate 
plus  malate  (1700-2000  vs.  250  pmol  per  mg  mitochondrial 
protein).  The  delayed  activation  of  succinate-supported  H202 
production  corresponded  to  the  time  at  which  the  A'F  reached 
its  maximum  level  following  addition  of  mitochondria  to  the 
medium  (Fig.  2b)  (Korshunov  et  al.  Jf 997).  Subsequent 
addition  of  0.2  dim  Ca2*  resulted  in  an  immediate  and 
almost  complete  inhibition  of  H202  production  (68  vs. 
1760  pmol  per  mg  protein)  (Fig.  2a,  curve  1).  At  this  level  of 
Ca*",  A*P  was  transiently  reduce! -then  recovered,  albeit  to  a 
level  that  was  lower  than  that  maintained  in  the  absence  of 
added  Ca2"  (Fig.  2b,  curve?!).  Whereas  EGTA  significantly 
reversed  the  effect  of  Ca^pn  bBs  ptbduction  and  A'F  in  the 
presence  of  Complexl-linked  substrates,  it  was  unable  to 
reverse  the  effects  of  Ca2t  in  the  presence  of  the  Complex  II 
substrate  suecinate^j^^a  and  b,  curves  1). 

The  Complex  I  inhibitor  rotenone  was  capable  of  stimu¬ 
lating  mitochondrial  H202  production  in  the  presence  of  Ca2+ 
but  had  a  n^fifjpje  effect  on  the  Caz+-induced  reduction  of 
A*?  (Figs  2a  and  b,  curves  1),  as  expected  as  rotenone 
inhibite  bJAprlinkeS  but  not  succinate-supported  respiration. 
The  rate  of  H2Qt  production  observed  following  the  addition 
of  IP  rotenone  was  still  far  lower  than  the  initial 

.rate  'observed  in  the  absence  of  both  agents  (469  vs. 
■J760  pmol  per  mg  protein).  This  finding  verifies  the 
contribution  of  rotenone-sensitive  reversed  electron  flow 
>'  through  Complex  I  as  a  major  site  of  ROS  production 
supported  by  succinate  (Hinkle  et  al.  1967;  Hansford  et  al. 
1^97;  Korshunov  et  al.  1997;  Turrens  1997;  Lass  et  al. 
^1998;  Votyakova  and  Reynolds  2001;  Liu  et  al.  2002). 
However,  in  the  absence  of  added  Ca2‘,  the  addition  of 
rotenone  resulted  in  a  rate  of  H202  production  that  was 
substantially  lower  than  that  following  the  addition  of  Ca2+ 
(264  vs.  469  pmol  per  mg  protein;  Fig.  2a,  curve  2).  This 
stimulatory  effect  of  Ca2+  on  succinate-supported  H202 
production  in  the  presence  of  rotenone  was  further  verified 
by  the  addition  of  Ca2*  following  rotenone,  after  which  the 
rate  of  H202  production  increased  from  250  to  462  pmol  per 
mg  protein  (Fig.  2a,  curve  3).  In  contrast  to  the  sustained 
reduction  in  A'F  observed  upon  addition  of  Ca2*  in  the 
absence  of  rotenone,  mitochondrial  Ca2+  uptake  in  the 
presence  of  rotenone  resulted  in  the  normal  transient  drop  in 
A'F  followed  by  a  complete  recovery  and  a  subsequent 
steady  but  minor  depolarization  (Fig.  2b,  curve  3).  These 
results  further  demonstrate  that  when  exposure  of  mitochon¬ 
dria  to  high  levels  of  Ca2+  results  in  a  reduction  in  A'F,  ROS 
production  is  inhibited.  Under  conditions  in  which  ROS 
production  is  independent  of  AH',  e.g.  in  the  presence  of 
rotenone,  Ca2+  can  actually  stimulate  ROS  production. 

Experiments  were  then  performed  to  test  the  hypothesis 
that  a  reduction  in  A'F  is  a  sufficient  explanation  for  the 
inhibition  of  H202  production  by  Ca2*  with  either  succinate 
or  the  NAD-linked  substrates  glutamate  and  malate.  It  is 
known  that  succinate-supported  H202  production  is  inhibited 
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by  mitochondrial  depolarization  (Hansford  et  al  1997; 
Korshunov  et  al  1997).  The  dependence  of  succinate- 
supported  ROS  generation  on  AW  is  due  to  the  reverse 
electron  transport  from  Complex  II  through  coenzyme  Q  to 
Complex  L  The  potential  energy  of  AW  is  necessary  to 
overcome  the  redox  potential  difference  between  Complex  I 
and  coenzyme  Q  that  promotes  Complex  I  oxidation  and 
coenzyme  Q  reduction.  Although  the  quantitative  relation¬ 
ship  between  AW  and  ROS  production  during  succinate- 
dependent  reversed  electron  transport  is  established 
(Korshunov  et  al  1997),  it  has  not  been  determined  for 
ROS  generation  that  occurs  during  electron  transport  driven 
by  NAD-linked  substrates.  This  relationship  was  explored  by 
measuring  mitochondrial  H202  production  in  the  presence  of 
glutamate  and  malate  and  in  the  presence  of  several 
concentrations  of  FCCP,  a  protonophoric  uncoupling  agent. 
In  order  to  demonstrate  a  quantitative  relationship,  the 
experimental  system  utilized  the  mitochondrial  uptake  of  the 
lipophilic  cation  TFP*  as  a  measure  of  AW,  The  system  was 
also  simplified  by  omitting  ATP  from  the  medium  and  adding 
the  Ca2"~  chelator  EGTA  to  prevent  possible  interference 
from  contaminating  Ca2*  in  the  medium.  The  results  shown 
in  Fig.  3  indicated  that  H202  production  supported  by 
oxidation  of  NAD-linked  substrates  is  indeed  dependent  on 


Ca2*  of  H202  production  both  with  succinate  (in  the  absence 
of  rotenone)  or  NAD-linked  substrates.  This  effect  cannot, 
however,  explain  the  increase  in  succinate-sujiported  H202 
generation  caused  by  Ca2*  in  the  presence  of  thf  Complex  I 
inhibitor  rotenone.  We  hypothesized 
cytochrome  c  release  might  be  responsible  for  this  phenom¬ 
enon  because  cytochrome  c  release  has  been  associated  with 
increased  oxidative  stress  in  Jones 

1998),  and  cytochrome  c  is  released  by  btein  mitochondria  in 
response  to  Ca2"  uptake  under  |pndition|Jsimilar  to  those 
used  in  the  current  study  ( Andre^  1 998;  Andreyev 

and  Fiskum  1999).  A  comparison  between  rates  of  H202 
production  and  the  distribution  of  cytochrome  c  between  the 
mitochondria  and  the  suspending  medium  at  the  end  of  the 
H202  measurements  0  provided  in  Figs  4  and  5  for  succinate 
(in  die  presence  of  rotehone)  and  glutamate  plus  malate, 
respectively.  The  accumulation  of  Ca2*  resulted  in  a  net  10% 
release  of  cytochrome  c  in  the  presence  of  succinate  and  5% 
release  in  die  presence  of  glutamate  plus  malate.  This  was 
accompanied  by  art;  approximately  60%  increase  in  H202 
formation  with  succinate  and  a  greater  than  60%  reduction  in 
H2C||PWltfr.  gfililiate'  and  malate.  Thus  Ca2*  induces  the 
release  of  mitochondrial  cytochrome  c  in  the  presence  of 
either  malate  plus  glutamate  or  succinate  but  only  stimulates 


AW,  being  very  sensitive  to  fluctuations  in  AW  between  ^H202  pmdubtion  when  succinate  is  present  as  the  electron 


approximately  150  and  180  mV.  These  results  however,  also  #' 
demonstrate  that  approximately  30%  of  the  maximal 
production  is  insensitive  to  AW,  |r 

The  reduction  in  A*¥  caused  by  mitochondrial  Ca2* 
accumulation  is  a  sufficient  explanation  for  the  inhibition  by||g 


dbripr  and  rotenone  is  present  to  inhibit  reversed  electron 
transport  that  is  driven  by  AW. 
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Fig.  3  Relationship  between  rate  of  H202  production  and  A'F  for  brain 
mitochondria  oxidizing  glutamate  and  malate.  Mitochondria  were 
added  at  a  concentration  of  0.25  mg/mL  to  the  standard  incubation 
medium  except  that  ATP  was  omitted,  MgC!2  was  present  at  1  mM, 
and  the  medium  was  supplemented  with  0.25  mM  EGTA,  1.8  j*m 
Tpp+cr,  5  mM  glutamate  and  5  mw  malate.  A  TPP+  electrode  was 
used  to  measure  the  medium  TPP*  concentration  both  in  the  absence 
of  FCCP  and  in  the  presence  of  22, 47, 76  and  1 10  pmof  FCCP  per  mg 
mitochondrial  protein  to  modulate  the  A*P.  Values  for  AH*  were  calcu- 
11  In  a  ted  as  described  in  Materials  and  Methods  | 


Fig.  4  Ca2*-induced  cytochrome  c  release  and  stimulation  of  H202 
production  by  brain  mitochondria  oxidizing  succinate.  Mitochondria 
were  added  at  a  concentration  of  0.25  mg/mL  to  the  standard  incu¬ 
bation  medium  maintained  at  37°C  and  supplemented  with  5mw 
succinate.  As  in  Fig.  2,  approximately  3  min  later,  rotenone  (0.2  jim) 
was  added,  followed  2  min  later  by  either  Ca2+  (0.2  mM)  or  vehicle" 
control  (H20).  The  rate  of  H202  production  was  determined  by  the  rate 
of  increase  in  Ampiex  Red  fluorescence.  At  approximately  8  min  fol¬ 
lowing  tiie  addition  of  Ca2+,  the  suspension  was  centrifuged  and  the 
pellet  and  supernatant  fractions  used  for  ELISA  of  cytochrome  c 
content,  as  described  in  Materials  and  Methods.  Vaiues  represent  the 
mean  ±  SE  of  four  independent  experiments.  *p  <  0.05  versus  without 
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Fig.  5  Ca2+-indueed  cytochrome  c  release  and  Inhibition  of  H202 
production  by  brain  mitochondria  oxidizing  glutamate  and  malate. 
Mitochondria  were  added  at  a  concentration  of  0.25  mg/mL  to  the 
standard  incubation  medium  maintained  at  37°C  and  supplemented 
with  5  mw  glutamate  and  5  mw  malate.  As  in  Fig.  1,  approximately 
4  min  later,  Ca2*  (0.2  mw)  or  vehicle  control  (H20)  were  added  and  the 
rate  of  H202  production  was  determined  by  the  rate  of  increase  in 
Amplex  Red  fiuorescence.  At  approximately  10  min  following  toe 
addition  of  Ca2+,  the  suspension  was  centrifuged  and  the  pellet  and 
supernatant  fractions  were  used  for  EUSA  of  cytochrome  c  content,  as 
described  in  Materials  and  Methods.  Values  represent  the  mean  ±  SE 

roof  founpdependent  experiments.  *^<  0.05  versus  without  Ca^+. 

•  •:  '  •  ■  3  _  •  •  ; 

~  Add ltional  e v idence  for  the  direct  role  of  cytochrome 
release  in  stimulating  mitochondrial  ROS  formation  camels 
from  experiments  in  which  release  was  mediated  by  exposure 
of  brain  mitochondria  to  the  pro-apoptotic  protein  Bax 
together  with  a  synthesized  peptide  that  contains  the  B1T3h\ 
death  domain  amino  acid  sequence.  We  previously  demon-  , 
strated  that  this  peptide  triggers  Bax-dependent  release  of"  " 
cytochrome  c  by  specifically  increasing  the  permeability  of 
the  mitochondrial  outer  membrane  without  •  "affecting  inner 
membrane  permeability  or  other  components  of  the  electron 
transport  chain  (j^i$him  j&nd'  l^p|ft%figure  6a 

provides  representative  fluorescent  measurements  of  H202 
generation  by  rat  brain  mitochondria' respiring  oh  glutamate 
and  malate  in  the  presence  of  IpO  nM  human  recombinant 
full-length  Bax  and  in  the  abseribe  or  presence  of  50  pM  BH3 
peptide.  In  the  absence  of  the:  peptide,  ii202  produced  in  die 
presence  of  Bax  was  identical  to  that  in  its  absence  (not 
shown).  In  these  experiments^,  ADP  was  added  to  the 
suspension,  inducing  State  3  respiration.  Under  these  con¬ 
ditions,  the  redox  state  o  f  potential  sites  of  ROS  production  is 
relatively  oxidized  and  therefore  inhibition  of  electron 
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Fig.  6  Stimulation  of  cytochrome  c  release  and  H202  production  by 
brain  mitochondria  by  addition  of  Sax  plus  a  BH3  domain  peptide. 
Mitochondria  were  added  at  a  concentration  of  0.125  mg/mL  to  the 
standard  incubation  medium  maintained  at  37CC  and  supplemented 
with  either  5  mM  glutamate  and  5  mv  malate  or  5  mu  succinate,  (a) 
Amplex  Red  measurements  of  H202  generation.  At  approximately 
3  min  following  addition  of  brain  mitochondria  to  media  containing 
glutamate  and  malate  and  100  nu  Bax  (see  Materials  and  methods), 
0.1  mM  ADP  was  added  to  initiate  State  3  respiration.  Approximately 
2  min  later,  50  pM  BH3  peptide  or  vehicle  control  (H20)  was  added. 
Rotenone  (0.2  piw)  was  added  9  min  later  to  elicit  maximal  H2D2 
production,  (b)  Relationship  between  H202  production  and  release  of 
cytochrome  a  caused  by  exposure  of  brain  mitochondria  to  Bax  plus  a 
8H3  peptide.  In  experiments  such  as  that  shown  in  (a)  aliquots  of  the 
mitochondrial  suspension  were  removed  before  and  two  or  three  times 
after  addition  of  the  BH3  peptide  or  vehicle,  centrifuged  and  used 
for  EUSA  of  cytochrome  c  release  from  the  mitochondria  into  the 
medium.  The  corresponding  rate  of  H2D2  production  refers  to  the  rate 
obtained  just  before  removal  of  toe  aliquot  for  cytochrome  c  meas¬ 
urement.  Experiments  were  performed  either  in  the  presence  of  5  mM 


transport  by  release  of  cytochrome  c  should  cause  a  maximal 
shift  toward  a  reduced  redox  state.  In  the  absence  of  BH3 
peptide,  H202  ^formation  increased  slowly  over  approxi¬ 
mately  10  min  and  was  stimulated  by  over  100%  upon 
addition  of  .  the  Complex  I  inhibitor  rotenone  (732  vs. 
277  pmol  per  ® in  per  mg  protein).  The  rate  of  H202 
generation  observed  10  min  following  the  addition  of  the 
BH3  peptide  was  70%  greater  than  the  rimed  control  (466  vs. 


succinate  (O)  or  5  mM  glutamate  and  5  mu  malate  (■), 

277  pmol  per  min  per  mg  protein)  and  was  further  stimulated 
by  rite  addition  of  rotenone.  In  rite  absence  of  added  Bax, 
BH3  peptide  had  no  effect  on  ROS  production  by  adult  rat 
brain  mitochondria  (not  shown),  consistent  with  its  inability 
to  release  cytochrome  c  from  these  mitochondria  in  the 
absence  of  exogenous  Bax  (ifiskum  and  Polsfeir  200i).  Thus, 
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in  contrast  to  the  inhibition  of  H202  production  by  added 
Ca2+  when  NAD-linked  respiratory  substrates  were  present 
(Fig,  la),  the  presence  of  Bax  plus  a  BH3  peptide  substan¬ 
tially  stimulates  mitochondrial  H202  formation.  An  approxi¬ 
mately  70%  stimulation  of  H202  formation  by  Bax  plus  the 
BH3  peptide  was  observed  in  the  presence  of  succinate  plus 
rotenone  (not  shown).  Thus,  cytochrome  c  release  per  se 
stimulates  mitochondrial  ROS  generation  in  the  presence  of 
either  Complex  I  or  Complex  II  respiratory  substrates. 

As  the  rate  of  H202  production  was  non-linear  during  the 
course  of  these  experiments  and  as  Bax-BH3-mediated 
cytochrome  c  release  takes  several  minutes  to  occur,  we  took 
aliquots  of  the  mitochondrial  suspension  during  the  course  of 
the  H202  measurements  for  quantification  of  cytochrome  c 
distribution  to  determine  if  a  relationship  exists  between  the 
extent  of  release  and  the  rate  of  H202  formation.  These 
aliquots  were  taken  immediately  before  die  addition  of  the 
BH3  peptide  or  vehicle  and  5  and  8  min  later.  The  extent  of 
cytochrome  c  release  and  the  corresponding  rates  of  H202 
generation  measured  just  before  sampling  using  glutamate 
and  malate  or  succinate  (in  the  presence  of  rotenone)  are 
presented  in  Fig.  6b,  The  H202  production  rate  was  greater 
for  mitochondria  respiring  on  succinate  than  on  glutamate 
and  malate  in  the  absence  of  BH3  peptide  with  background 
release  of  5-12%  of  the  total  cytochrome  c.  However,  after 
5  min  exposure  to  the  BH3  peptide,  the  extent  of  cytochrome 
c  release  was  similar  under  these  two  conditions  (60-65^)® 
as  were  the  rates  of  H202  formation  (360-420  pmol  per  thin 
per  mg  protein).  An  additional  3-min  exposure  to  the  BH3 
peptide  resulted  in  an  additional  approximately  10%;release  % 
of  cytochrome  a  and  rates  of  H202  production  that  were  very 
similar  for  the  two  sets  of  respiratory  substrates  (466-; 
520  pmol  per  min  per  mg  protein).  These  results  indicatC  that 
the  release  of  cytochrome  c  by  Bax  plus- a  BH3^pej?tide 
results  in  a  dose-dependent  stimulation  of  mitochondrial 
ROS  formation  under  physiologically  ^elevlnt  m  vitro 
conditions  with  either  succinate  or  NAD-linked  respiratory' 
substrates.  v 

Discussion  .  Sf  H 

w 

The  main  conclusion  that  can  be  drawn  from  this  study  is  that 
when  A*F  is  reduced  with  mitochondria  respiring  on  either 
NAD-linked  substrates  or  succinate  in  the  absence  of 
rotenone,  ROS  production  is  inhibited  (Figs  1,  2,  3  and  5). 
Conversely,  the  release  of  cytochrome  c  by  either  mitoch¬ 
ondrial  Ca24*  accumulation  or  by  exposure  to  Bax  mid  a  BH3 
domain  peptide  can  significantly  stimulate  mitochondrial 
ROS  production  apparently  independently  of  A¥  (Figs  2,  4 
and  6),  These  observations  were  made  in  vitro  In  the  absence 
of  respiratory  inhibitors  and  in  the  presence  of  physiologi¬ 
cally  relevant  levels  of  ATP,  Mg2+  and  other  ions  that  have  a 
profound  influence  on  mitochondrial  energy  coupling  and  on 


mitochondrial  responses  to  raised  levels  of  Ca2+.  We 
therefore  believe  that  these  observations  may  be  highly 
relevant  to  the  effects  of  both  pathological  level!  of  Ca24“  and 
the  apoptotic  redistribution  of  Bax  and  BH3  domain  proteins 
that  occurs  in  response  to  many  forms  of  hetironal  stress. 

The  modulation  of  mitochondrial  ROS  generation 
observed  In  the  presence  of  NAD-linked:  oxidiz&ble  sub¬ 
strates  is  particularly  Important  as  thesr  ^distrates  constitute 
the  primary  source  of  fuel  for  Oxidative  cerebral  energy 
metabolism.  In  the  presence  of  ;ATP,  the'  "uptake  of  Ca24" 
inhibited  H202  generation  This  inhibition 

appears  to  be  due  to  more  than  one  mechanism,  as  indicated 
by  differences  in  Ca2+-iriducedfmitoclbndrial  depolarization 
and  inhibition  of  W>S.p"KKiuction  in  the  absence  and 
presence  of  oligomycin  |Fig,  ifPWhen  ATP  turnover  was 
blocked  by  oligomycin,  Ca2+  caused  a  substantial  collapse  in 
A*P  and  ~  60%  inhibifioh  of  H202  generation,  in  the  absence 
of  oligomycin,  Ca2_h  accumulation  resulted  in  no  sustained 
reduction  inli'P  but  ROS  generation  was  still  inhibited  by 
~  80%.  .As  independent  experiments  performed  in  the 
absence  dfOa2+  ant  in  die  presence  of  different  concentra¬ 
tions  df  the  protonophore  uncoupler  FCCP  demonstrated  that 
>  50%  pf  NAD-linked  ROS  production  is  sensitive  to  A*P 
(Fig.  3),  .  we;conclude  that  mitochondrial  depolarization  is 
|f|ne  of  the"  mechanisms  by  which  Ca2+  inhibits  H202 
formation.  Votyakova  and  Reynolds  (2001)  reported  previ-  l 
ously  that  the  presence  of  an  uncoupler  does  not  stimulate 
NAD-linked  mitochondrial  ROS  production;  howeveiTthe 
rates  of  H202  generation  they  observed  using  the  scopoletin 
pgjnethod  of  detection  were  too  low  to  detect  any  inhibitory 
influence  of  membrane  depolarization.  The  mechanism  by 
which  loss  of  A*F  reduces  rmtoSiondrial  H202  fonnatlon 
probalby  involves  the  oxidation  of  redox  centers,  e.g. 
coenzyme  Q  or  iron-sulfur  proteins,  which  probably  mediate 
the  generation  of  superoxide  and  therefore  H202. 

€a2+*Indueed  mitochondrial  depolarization  cannot  explain 
the  inhibition  of  NAD-linked  H202  formation  observed  in 
die  absence  of  oligomycin  as  A*F  was  fully  preserved 
(Fig,  1).  One  possible  explanation  for  this  A^F-independent 
inhibition  is  that  Ca2+  may  impair  the  flow  of  electrons 
within  the  electron  transport  chain  at  a  site,  most  likely 
within  Complex  I,  that  is  proximal  to  the  site  of  ROS 
generation.  Evidence  for  selective  impairment  of  NAD- 
linked  respiration  by  Ca2+  was  originally  reported  for  ascites 
tumor  cell  mitochondria  (Villalobo  and  Lehninger  1980),  and 
more  recently  for  neural  cell  mitochondria  (Murphy  ei  ah 
1996).  Although  such  inhibition  could  be  caused  by  release 
of  mitochondrial  NAD(H)  mediated  by  the  Ca2"-activated 
permeability  transition  (Maciel  et  al  2001),  it  is  clear  from 
die  maintenance  of  A*F  that  the  permeability  transition  did 
not  occur  under  these  conditions. 

Mitochondrial  Ca2+  uptake  had  an  even  greater  inhibi¬ 
tory  effect  on  succinate-driven  H202  production  than  on 
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NAD-iinked  ROS  generation  (Fig,  2),  The  explanation  for 
the  greater  inhibition  with  succinate  is  that  Ca2+-induced  loss 
of  A*¥  deprives  mitochondria  of  the  energy  required  for 
reverse  transport  of  electrons  from  Complex  II  through 
coenzyme  Q  to  Complex  I  where  sites  of  succinate-based 
ROS  formation  are  located}  (Korshunov  et  aL  1997;  Turrens 
1997;  Lass  et  aL  1998;(^?Liu  et  aL  2002).  The  most  novel 
observation  made  with  succinate  as  the  respiratory  substrate 
in  the  presence  of  rotenone  was  that  Ca2+  actually  stimulated 
H202  production.  Under  these  conditions,  Ca24*-induced 
changes  in  AT*  were  not  expected  to  affect  H202  production 
as  reverse  electron  transport  is  inhibited  by  the  presence  of 
rotenone.  Therefore,  Ca24- induced  release  of  cytochrome  c 
was  pursued  as  a  possible  mechanism  for  its  stimulation  of 
H202  generation. 

Quantitative  analysis  of  the  extent  of  cytochrome  c 
released  by  the  end  of  experiments  such  as  those  shown  in 
Figs  1  and  2  indicated  that  a  small  but  significant  percentage 
of  cytochrome  c  was  released  following  the  addition  of  Ca2+ 
when  either  glutamate  and  malate,  or  succinate  were  used  as 
respiratory  substrates  (Figs  4  and  5).  Although  cytochrome  c 
was  released  in  response  to  the  addition  of  Ca24*  under  both 
conditions,  Ca2+  only  stimulated  the  production  of  H202  in 
the  presence  of  succinate  plus  rotenone.  The  fact  that 
cytochrome  c  release  was  observed  under  these  conditions  j 
suggested,  but  did  not  prove,  that  it  was  responsible  for  the  # 
stimulation  of  H202  generation  by  Ca24*.  Further  support  jplg/ 
this  hypothesis  came  from  experiments  performed  in  .  the 
absence  of  Ca2+  but  in  the  presence  of  Bax  and  a  BH3  death 
domain  peptide.  j# 

Ca24-independent  stimulation  of  H202  production jwas 
dependent  on  the  presence  of  both  the  human  recombinant 
full-length  Bax  and  the  BH3  peptide  as  neifft^;  component 
alone  had  any  effect  on  either  ROS  generation  or  Q^tdchrome 
c  release  (Fig.  6)  (Fiskum  and  Polster  2001;  Polster  e/  aL 
2001).  Release  of  cytochrome  c  was^accoin|>anied  by 
increased  H202  production  in  the  presence  bf  glutamate  plus 
malate,  or  succinate  plus  rotendtie^As  the"  release  of 
cytochrome  c  interrupts  the  flow  of  elections  at  a  site  distal 
to  the  sites  of  ROS  generation,  their  redox  states  shift  to  a  more 
reduced  level.  Under  these  conditions,  these  redox  centers  are 
unaffected  by  A4*  because  electron  transport  is  severely 
inhibited  by  the  loss  of  cy  tochrome  c.  Therefore,  mitochond¬ 
rial  H202  production  is  insensitive  to  AH'  when  cytochrome  c 
is  released  by  conditions,  e,g.  the:Bax/BH3  system,  in  which 
no  other  electron  transport  activities  are  altered. 

Although  the  rnost  plausible  explanation  for  the  stimula¬ 
tion  of  ROS  production  by  the  release  of  cytochrome  c 
relates  to  the  effect  of  respiratory  inhibition  on  the  redox  state 
of  superoxide-generating  sites  proximal  to  the  site  of 
inhibition,  -other  mechanisms  may  also  contribute.  One 
mechanism  is  the  reduction  of  superoxide  scavenging  by 
cytochrome  c  when  it  is  lost  from  the  mitochondrial 
intermembrane  space  to  the  cytosol  (Korshunov  et  aL 


1999).  This  mode  of  action  is  supported  by  the  findings  that 
a  substantial  fraction  of  mitochondrial  superoxide  formation 
occurs  at  die  outer  side  of  the  inner  membrane#  where 
cytochrome  c  is  normally  present  in  equilibrium  with  the 
unbound  protein  in  the  intennembrane  spade  at  a  concentra¬ 
tion  of  100-700  jim  (Hackenbrock  066;  Hackenbrock 
1968).  Despite  its  possible  exaeerbatioffof  mitochondrial 
ROS  generation,  die  redistribution  of  cytochrome  c  into  the 
cytosol  has  been  proposed  to  help  scavenge  superoxide  or 
other  ROS  in  that  compartment  during  glutamate  excito- 
toxicity  (Atlante  et  aL  2000). 

Considerable  attention  has  been.focused  on  the  role  of 
raised  intracellular  Ca2^|n  mjfochdndrial  dysfunction  and 
ROS  production  prec^ing  nd%al  cell  death  (Fiskum  2000). 
Recent  investigation^  indicate  that  the  interaction  of  Bax 
with  BH3  death  €qmaih  only  proteins,  e.g.  Bid,  at  the 
mitochondrial  level  alsb  ^  contributes  significantly  to  cell 
death  in  animal  models  of  acute  brain  injury  and  neuro- 
degeneratiy^^diseases  (Plesnila  et  aL  2001;  Vila  et  aL 
2001).  One  study,  ^demonstrated  a  relationship  between 
these  two"¥drms  qfostress  with  Ca2+-induced  mitochondrial 
penjteabilijy  tSnition  signaling  the  redistribution  of  cyto- 
soK^BfSf'  tojthe  mitochondrial  membrane  before  cyto¬ 
chrome  c  release  during  apoptosis  (De  Giorgi  et  aL  2002). 
gfhir  observations  suggest  that  the  stimulation  of  mitoch¬ 
ondrial  ROS  generation  by  Bax-mediated  cytochrome  c 
release  tnay  be  particularly  important  in  the  pathogenesis  of 
fteurai  cell  death.  This  stimulation  can  occur  in  the  presence 
of  either  Complex  I  or  Complex  II  respiratoiy  substrates, 
^physiological  concentrations  of  ATP  and  inorganic  ions, 
and  in  the  absence  of  respiratory  poisons.  Development 
of  inhibitors  of  Bax-mediated  cytochrome  c  release  is 
extremely  important  as  they  should  both  block  caspase- 
mediated  apoptosis  and  obstruct  the  mitochondrial  genera¬ 
tion  of  ROS  that  can  promote  either  apoptotlc  or  necrotic 
cell  death. 
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Status  epilepticus,  left  unchecked,  results  in  profound  neuronal  loss  within  the  hippocampal 
formation.  While  increased  estrogen  (E)  lowers  and  increased  progesterone  (P)  raises  seizure 
thresholds,  it  is  unclear  whether  E  or  P  at  maintained  levels  affect  seizure  patterns  or  the  ensuing 
neural  damage  from  them.  Additionally,  it  is  not  known  whether  E  or  P  affect  neuronal  damage 
independently  of  their  effects  on  seizures.  To  address  these  questions,  ovariectomized  female 
Sprague  Dawley  rats  were  implanted  with  0.1  or  0.5  mg  pellets  of  E  or  1-6  silastic  capsules  of 
crystalline  P  to  produce  levels  of  hormone  that  mimic  the  various  stages  of  the  estrous  cycle. 
Seven  days  later,  the  rats  were  administered  kainic  acid  (8.5mg/kg,  ip)  and  monitored  for  the 
next  6  hrs  for  seizure  activity.  Animals  received  a  seizure  composite  score  based  on  a 
modification  of  the  Lothman  scale.  After  a  4  day  survival,  the  rats  were  killed  and  their  brains 
processed  for  localization  of  neuron  nuclear  antigen  (NeuN),  a  general  neuronal  marker.  The 
hippocampus  was  examined  throughout  the  rostral  -  caudal  axis  and  scored  for  spread  (number 
of  separate  regions  within  the  hippocampal  complex  showing  cell  loss).  The  area  occupied  by 
NeuN  immunoreactivity  within  the  CA  fields  was  used  as  an  indicator  of  surviving  neurons.  P 
implants  generated  plasma  levels  that  ranged  from  8-95  ng/ml  (1  implant  mean  P  1 1 .00  ±.72;  2 
implants,  21 .54  ±  5.52;  4  implants  27.38  ±  3.72;  6  implants  48.62±  9.4);  high  and  low  E  pellets 
generated  plasma  levels  of  242.4  ±32.6.  and  42.4±6.6,  respectively. 

Administration  of  either  E  or  P  significantly  reduced  mortality  rates  induced  by  KA 
seizures;  this  effect  was  independent  of  dose.  Progesterone  reduced  seizure  severity  in  animals 
that  received  1-4  implants  and  most  consistently  in  animals  that  received  2-4  implants  (mean 
plasma  P  24.7  ±3.2);  surprisingly  no  difference  in  seizure  severity  was  noted  for  animals  with  6 
P  implants  versus  blank  +  KA  treatment.  Thus,  animals  that  showed  suppression  of  seizures  by  P 


had  significantly  lower  plasma  P  values  (25.0  ±3.2)  than  animals  with  no  seizure  suppression  by 
P  (45.6  ±12,0;  p<0.05).  The  reduced  seizure  levels  in  P-treated  animals  were  accompanied  by  a 
reduction  in  the  number  of  hippocampal  formation  areas  that  showed  damage  (r2=0.87;  p<0.05). 
Likewise,  in  P  treated  rats,  neuron  survival  (determined  by  area  of  neuronal  nuclear  antigen 
immunoreactivity)  was  correlated  with  the  reduction  in  seizure  scores  (7=0.76;  p<0.0001). 

E  treatment  at  either  dose  had  no  significant  effect  on  seizure  severity  (p>0.05)  but 
significantly  reduced  both  the  spread  of  damage  (p<0,05)  and  degree  of  neuronal  loss  (p<0.05). 
The  neuroprotective  effects  of  E  were  independent  of  seizure  severity  (spread,  1^=0.056,  p>  0.05; 
neuron  loss,  r=0.043,  p>0.05).  Indeed,  in  the  E  treated  rats,  the  presence  of  severe  seizures 
produced  only  limited  hippocampal  damage;  this  damage  was  significantly  lower  than  that 
observed  in  animals  that  received  P  treatment  but  had  equally  severe  seizures  (p<0.05).  These 
data  are  consistent  with  the  hypothesis  that  P  produces  its  effects  principally  by  reducing 
seizures,  whereas  E  has  little  beneficial  effect  on  seizure  behavior  but  is  capable  of  protecting  the 
hippocampus  from  the  damage  seizures  produce. 
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Complex  partial  seizures  involve  the  limbic  system  and  comprise  the  most  common  form 
of  epilepsy.  In  women,  the  pattern  of  complex  partial  seizures  is  influenced  by  the  hormonal 
changes  that  occur  across  the  menstrual  cycle  (39, 41, 58, 59,  62, 71).  Increased  seizure 
incidence  is  observed  in  the  menstrual  phase,  when  both  estrogen  and  progesterone  levels  are 
low,  as  well  as  in  the  follicular  phase,  when  estrogen  levels  are  on  the  rise.  By  contrast, 
decreased  seizure  incidence  is  noted  during  the  luteal  phase  when  progesterone  levels  are  high 
relative  to  estrogen.  In  animals,  estrogen  administration  decreases  while  progesterone  increases 
seizure  thresholds  (13, 15-17, 21, 44);  these  differential  steroid  effects  are  used  to  explain  the 
cycle  dependent  changes  in  seizure  patterns  in  women.  Indeed,  the  effects  observed  with 
progesterone  form  the  basis  for  progesterone  treatment  of  women  with  catemenial  epilepsy  (7, 
14,40,41,43,  58,  59,62). 


Limbic  system  seizures,  when  persistent,  increase  the  risk  of  permanent  damage  to  the 
hippocampal  formation  (48, 57,  60, 69,  76,  79).  Thus,  an  understanding  of  the  homional  effects 
on  limbic  seizures  and  the  damage  they  produce  is  critical  to  the  design  of  rational  treatrrents.  In 
animals,  the  use  of  the  toxin,  kainic  acid,  an  excitatory  amino  acid  analog,  produces  limbic 
seizures  that  damage  neurons  in  the  hippocampal  formation  and  surrounding  structures, 
particularly  CA1,  CA3,  hilus,  and  entorhinal  cortex,  while  sparing  CA2  and  the  dentate  gyrus 
(12, 30, 47,  54, 64, 65,  74).  Progesterone  treatment  reduces  limbic  seizures  in  a  variety  of 
experimental  models  (21, 25, 26)  (77)  but  it  is  unclear  if  the  steroid  has  any  neuroprotective 
effects  of  its  own  apart  from  its  effects  on  seizure  activity  per  se. 
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For  estrogen,  a  few  studies,  suggest  that  despite  the  potential  for  increased  seizures, 
estrogen  may  reduce  neuronal  death  from  seizures  (1,  80).  However,  those  studies  only  used 
injected  steroid  (which  produces  variable  hormone  levels)  and  doses  that  often  exceeded  the 
physiological  range.  Thus,  it  is  unclear  if  the  effects  of  estrogen  are  dose-dependent.  To  fill  those 
gaps,  the  studies  presented  in  this  manuscript  sought  to  determine  if  maintained  physiological 
levels  of  either  estrogen  or  progesterone  affected  kainic  acid  seizure  patterns  and  if  these 
hormones  could  alter  the  relationship  between  seizure  severity  and  brain  injury. 


Methods 

Animal  Treatment.  Adult  female  Sprague  Dawley  rats  (200  -  225  gm)  were  maintained  on  12:12 
light  dark  cycle  (lights  on  at  3:30  EST).  After  a  l  week  acclimation,  rats  were  anesthetized  with 
Metofane  and  ovariectomized  under  sterile  conditions;  seven  days  later  they  were  implanted  with 
either  blank  silastic  capsules  (n=18;  capsule  length  =  40  mm;  OD=.  125mm  ;  ID=. 078mm), 
estrogen  pellets  (estradiol- 17(3,  0.5mg/21  day,  n=6;  or  0.1  mg/21  day,  n=8,  Innovative  Research 
of  America,  Sarasota,  FL)  or  1  (n=3),  2  (n=9),  4  (n=6),  or  6  (n=8)  silastic  capsules  containing 
crystalline  progesterone  (Sigma,  St.  Louis  MO);  capsule  length  =  40  mm;  OD=.  125mm  ; 
ID=.078mm  designed  to  achieve  progesterone  plasma  levels  of  10  -  60  ng/ml. 

Behavioral  Testing.  Seven  days  after  implants  or  pellets  were  inserted,  half  the  control  animals 
and  the  steroid-replaced  animals  were  administered  kainic  acid  (KA)  at  a  dose  of  8.5  mg/kg,  ip. 
The  remaining  control  rats  received  an  equal  volume  of  saline  vehicle.  The  behavior  of  the 
animals  was  monitored  by  an  individual  blind  to  the  animal  treatment  for  6  hr  following  saline  or 


5 


KA  injection  and  assigned  a  score  for  seizure  behaviors  using  the  following  scale  modified  from 
Lothman  (54). 

1=  minor  behaviors  such  as  catatonia,  wet  dog  shakes  (WDS),  scratching,  sniffing  and  head 
bobbing 

2=  minor  behaviors  +  chewing  and  salivation,  rearing  without  loss  of  balance 
3=  minor  behaviors  +  chewing  and  salivation ,  rearing  with  ataxia 
4=  bi-clonus  seizure  activity 
5=  death 

Following  the  observation  period  the  animals  were  returned  to  the  vivarium. 

Tissue  Preparation  and  Neuroanatomical  Analysis.  Ninety  six  hr  after  injection  of  KA  or  vehicle, 
each  animal  was  anesthetized  with  an  overdose  of  pentobarbital  (100  mg/kg,  ip),  a  blood  sample 
was  removed  directly  from  the  heart,  and  the  animals  were  perfused  transcardially  with  saline 
containing  2%  sodium  nitrite,  followed  by  fixation  with  2.5%  acrolein  in  4%  paraformaldehyde 
in  0.05M  phosphate  buffer  pH  6.8  (42).  The  brains  were  removed,  sunk  in  30%  sucrose  and 
sectioned  at  25  pm  on  a  Leica  freezing  microtome  (Bannockburn,  IL).  The  sections  were  placed 
into  antifreeze  cryoproteetant  solution  (82)  and  stored  at  -20°C  until  immunocytochemical 
localization  of  NeuN  (a  neuron- specific  marker  that  stains  nuclei  and  frequently  dendrites  and 
soma  (61,  84))  was  initiated. 

Brain  sections  from  each  animal  (l:-6  series)  that  contained  the  entorhinal  cortex  and 
hippocampal  formation  were  processed  for  NeuN  immunoreactivity  using  standard 
immunocytochemical  techniques  (42).  Following  immunocytochemical  staining,  the  slides  were 
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coded  and  examined  for  the  number  of  separate  regions  that  showed  neuron  loss  (“spread  of 
damage”).  This  parameter  was  chosen  due  to  the  variability  in  sites  of  hippocampal  damage  in 
less  severely  affected  rats  with  respect  to  which  particular  CA  subfield  showed  damage. 
Secondly,  neuronal  survival  was  assessed  by  measuring  the  area  occupied  by  NeuN 
immunoreactivity  within  the  CA  subfields  at  the  coronal  level  where  the  CA  regions  showed 
maximal  length.  To  accomplish  this,  an  image  of  the  section  was  captured  with  a  4x  objective  on 
a  Nikon  Eclipse  800  microscope  using  a  Sensys  digital  camera  (Biovision  Technologies,  Exton 
PA).  With  IP  Spectrum  software  (Scanalytics,  Fairfax,  VA)  operating  on  a  Power  Computing 
Macintosh  computer,  the  CA  area  (pm2)  occupied  by  NeuN  immunoreactive  structures  was 
determined.  Reductions  in  NeuN  area  reflected  the  degree  of  neuron  loss.  To  control  for  slight 
variation  in  hippocampal  orientation,  the  total  CA  length  was  determined  for  each  section  and 
the  NeuN  area  measurements  were  normalized  for  CA  length  (NeuN  area/pm  length). 

Radioimmunoassay  for  Estrogen  and  Progesterone 

Atrial  blood  was  collected  at  the  time  of  perfusion  to  determine  serum  progesterone  and  estrogen 
concentrations  for  the  various  treatment  paradigms.  After  two  hours  at  room  temperature  to 
allow  for  clot  formation,  plasma  was  separated  by  centrifugation.  Plasma  samples  were  stored  at 
— 20°C  until  radioimmunoassays  were  initiated.  For  estradiol,  samples  were  first  extracted  with 
diethyl  ether.  Plasma  progesterone  and  estrogen  concentrations  were  determined  using  the 
Diagnostics  Products  Corporation  Coat-A-Count  kit  (Estradiol,  TKE25;  Progesterone,  TKPG2; 
Los  Angeles,  CA). 
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Statistical  Analysis.  Significant  differences  among  treatment  groups  were  analyzed  using  the 
non-parametric  Kruskall  Wallis  test  followed  by  post-hoc  Mann  Whitney-U  tests.  P<0,05  was 
considered  significant.  Correlations  between  the  wious  measures  were  assessed  using  a  simple 
regression  analysis  and  GB-Stat  software.  P<0.05  was  considered  significant. 


Results 

Hormone  Levels  The  placement  of  1-6  progesterone  implants  resulted  in  plasma  progesterone 
levels  averaging  from  11  to  48  ng/ml  (Fig  1  A);  these  values  are  all  within  physiological  ranges. 
Since  the  placement  of  2  or  4  implants  produced  essentially  the  same  progesterone  levels,  the 
data  from  those  two  groups  were  pooled  in  subsequent  analyses.  The  0.5  mg/21  day  and  0.1 
mg/2 1  day  estrogen  pellets  produced  plasma  hormone  levels  of  242.4  ±32.6  pg/ml.  and  42.4±6.6 
pg/ml,  respectively  (Fig  IB).  Only  the  lower  dose  was  within  the  physiological  range. 

Mortality.  One  striking  feature  of  animals  replaced  with  estrogens  or  progesterone  was  a 
reduction  in  the  mortality  rate.  Seven  of  the  24  animals  (29.2%)  that  received  blank  capsules  and 
KA  died,  whereas  for  E,  only  4  of  48  animals  (8.3%)  died  and  for  P,  3  of  34  animals  (8.8%) 
died.  There  was  no  obvious  relationship  of  mortality  to  dose  of  replaced  hormone  (Table  1). 

Seizure  Severity.  Seizure  severity  was  significantly  reduced  in  progesterone -treated,  but  not 
estrogen- treated  rats  (Fig.  2A).  This  reduction  in  seizure  severity  by  progesterone  was  dose- 
dependent.  In  animals  with  1  or  2-4  progesterone  implants,  seizure  scores  were  significantly 
reduced  compared  with  ovariectomized  animals  treated  with  KA  that  received  blank  capsules 
(for  PI,  p=0.05;  for  P2-4,  p<.0.0005).  No  significant  difference  in  seizure  severity  was  noted  in 
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animals  that  received  6  implants  compared  to  blanks  (p>0.05).  As  a  result,  animals  that  had  only 
mild  seizures  in  the  progesterone -treated  group  (i.e,,  seizure  scores  =  2.0)  had  significantly  lower 
plasma  P  values  (mean  plasma  P  =  25.0  ±3.2)  than  animals  treated  with  P  that  had  severe 
seizures  with  scores  >  2,0  (mean  plasma  P  =  45.6  ±12.0;  p<0,05;  Fig.  2B). 

Number  of  Areas  Showing  Neuronal  Loss:  Spread  of  Damage.  On  average,  approximately  3 
hippocampal  areas  showed  neuronal  loss  in  control  animals  after  KA  treatment  (Fig  3).  This 
typically  included  the  entorhinal  cortex  (not  shown),  CA1,  CA3  or  the  hilus  (Fig  4B  compared 
with  controls,  4A).  CA2  and  the  dentate  gyrus  were  generally  spared.  The  spread  of  damage  after 
KA  administration  varied  significantly  with  the  level  of  seizure  activity  (Fig  5  A;  r2=  0.45; 

p<0.02). 

In  P  treated  animals,  the  spread  of  damage  induced  by  KA  administration  was 
independent  of  plasma  P  level  (Fig  3).  Rather,  in  P  treated  animals,  spread  of  damage  was 
directly  influenced  by  seizure  severity.  Animals  displaying  a  high  level  of  seizure  activity  (score 
>2.0)  after  KA  had  a  greater  number  of  areas  showing  neuronal  loss  than  animals  with  lower 
seizure  activity  (score  =  2/0)  (Figs.  4  C-E,  Fig  5B,  r2=.665;  p<.0001,  Fig  6,). 

In  estrogen- treated  animals,  fewer  hippocampal  regions  showed  signs  of  neuron  loss  after 
KA  treatment  than  controls  (Fig  3,  p<0.05;  Fig  4  F  and  G)  despite  the  persistence  of  seizures 
(Fig.  2A).  Therefore,  unlike  progesterone,  the  effect  of  estrogen  on  the  spread  of  damage  was  not 
dose-dependent  (Fig  3;  p>  0.05)  nor  was  it  correlated  with  seizure  severity  (Fig  SC;  r2 =0.049 
p>0.05).  Thus,  even  when  animals  displayed  severe  seizures  following  KA,  estrogen 
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administration  (at  either  high  or  low  doses)  limited  the  number  of  hippocampal  regions  that 
showed  any  neuronal  damage  (Fig  6). 

Loss  of  Neurons  in  CA  Subfields:  Area  occupied  by  NeuN  immunoreactivitv. 

Compared  with  saline  treated  control  animals  (blank  capsules),  KA  treated  control  rats  with  high 
seizure  activity  had  significant  losses  of  NeuN  in  the  CA  subfields  (p<.005;  Fig.  7).  Overall,  the 
losses  in  NeuN  immunoreactivity  in  the  Blank+KA  group  were  highly  correlated  with  seizure 
score  (Fig  8A,  r2=  0.47;  p<0.02). 

In  animals  treated  with  P,  the  animals  with  high  seizure  scores  also  had  severe  reductions 
in  NeuN  compared  with  controls  (*p<0.005).  Fig.  7).  The  NeuN  losses  in  P-treated  animals  with 
mild  seizures  after  KA  were  significantly  less  than  those  seen  in  the  severely  affected  P-treated 
rats  (#p<0.001).  Similar  to  what  was  noted  in  control  animals,  the  losses  of  NeuN 
immunoreactivity  within  the  CA  subfields  after  KA  treatment  in  P  treated  rats  were  significantly 
correlated  with  the  seizure  scores  (r2=0.343;  p<0.005,  Fig  8B),  Thus,  the  higher  the  seizure 
score,  the  greater  the  degree  of  neuronal  loss. 

For  estrogen  treated  animals,  no  significant  losses  of  NeuN  immunoreactivity  after  KA 
treatment  were  noted.  This  was  true  even  in  animals  displaying  high  seizure  scores.  As  a  result, 
estrogen  treated  animals  displaying  severe  seizures  had  significantly  more  NeuN 
immunoreactive  neurons  than  was  seen  in  the  animals  treated  with  progesterone  that  had  equally 
high  seizure  scores  (Fig  7;  p<  0.05).  No  correlation  was  observed  between  seizure  scores  and 
NeuN  immunoreactivity  in  the  estrogen  treated  rats  (Fig  8C;  ^=0.018;  p>  0.05). 
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Discussion 


The  results  of  these  studies  indicate  that  progesterone  produces  its  effect  principally  by 
reducing  seizure  behavior;  by  contrast,  estrogen  has  little  beneficial  effect  on  seizure  behavior 
but  is  capable  of  protecting  the  hippocampus  from  seizure  damage.  The  majority  of  animal 
studies  examining  the  effects  of  gonadal  steroids  on  seizures  reported  that  seizure 
susceptibility/activity  was  reduced  by  P  (4, 13, 21,  63).  In  addition,  in  women  with  catemenial 
epilepsy,  the  luteal  phase,  when  progesterone  levels  are  high  relative  to  estrogen,  is  associated 
with  a  lower  seizure  incidence  than  the  menstrual  and  follicular  phases  where  estrogen  and 
progesterone  are  both  low,  or  estrogen  is  elevated  relative  to  progesterone  (7,  14, 39, 41, 55, 58, 
59, 62,  71, 87).  Thus,  it  would  logically  follow  that  progesterone  should  reduce  brain  damage 
from  seizures  simply  because  there  are  fewer  seizures.  Indeed,  in  P-treated  animals  that  exhibited 
reduced  seizure  severity,  brain  damage  was  reduced.  What  was  surprising  is  that  progesterone 
was  only  effective  in  reducing  seizures  at  low  physiological  ranges.  High  doses  of  progesterone 
failed  to  reduce  seizures  or  prevent  brain  damage. 

Progesterone  is  metabolized  to  3  alpha-hydroxy-5  alpha  pregnan-20-one 
(allopregnanolone),  a  potent  allosteric  modulator  of  the  GABAa  receptor  (8).  Several  studies 
have  suggested  allopregnanolone,  acting  at  the  GABAa  receptor,  is  the  mechanism  whereby  P 
attenuates  seizure  activity  (13, 26, 27, 29, 58, 62).  Frye  (24),  reported  that  subcutaneous 
administration  of  allopregnanolone  3  hr  prior  to  perforant  path  stimulation,  significantly  reduced 
both  seizure  severity  and  the  resulting  hippocampal  neuronal  loss.  What  is  difficult  to  explain  is 
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why  higher  plasma  levels  of  progesterone  failed  to  alter  seizures  or  the  brain  damage  from  them. 
Levels  of  allopregnanolone,  and  GABA  receptor  activity  in  vitro  are  positively  correlated  with 
progesterone  levels  (6),  raising  the  expectation  that  in  vivo,  increases  in  plasma  progesterone 
should  result  in  increased  seizure  suppression.  In  the  current  study,  however,  high  doses  of 
progesterone  did  not  reduce  seizures  or  the  damage  from  them.  While  the  reason  for  this 
discrepancy  is  not  clear,  it  is  possible  that  the  prolonged  progesterone  exposure  either  alters  the 
metabolism  of  progesterone  to  alloprenanolone,  or  that  after  long-term  exposure  to 
allopregnanolone,  the  GABA  receptor  fails  to  respond.  In  vitro,  prolonged  exposure  of  cortical 
neurons  to  allopregnanolone  abolishes  the  potentiation  of  GABAa  receptors  by  altering  the 
allosteric  interactions  of  allopregnanolone  with  the  benzodiazepine  binding  sites  (23).  In  vivo 
prolonged  treatment  with  either  progesterone  or  allopregnalonone  produces  desensitization  and  it 
was  proposed  that  alterations  in  GABAa  receptor  subunit  expression  was  responsible  (37, 83).  If 
this  phenomenon  is  dose  dependent,  such  changes  in  the  GABAa  receptor  composition  could 
explain  why  low  but  not  high  doses  of  progesterone  reduced  seizures  after  KA, 

In  the  present  study,  administration  of  E  had  no  effect  on  KA  seizure  severity.  A  large 
number  of  studies  in  vivo  and  in  vitro  demonstrate  that  the  steroid  increases  after  discharge 
patterns  and  seizure  thresholds  (4,  15-17, 21, 36, 44, 45,  52,  56,  63, 73,  75, 78,  85, 86).  Thus,  one 
would  predict  that  under  conditions  of  high  estrogen  concentrations  KA  would  yield  the 
strongest  stimulatory  effects  thereby  increasing  the  potential  for  excitotoxic  brain  damage.  Yet, 
despite  the  persistence  of  seizures,  estrogen  replacement  reduced  mortality  from  KA  seizures  and 
significantly  limited  the  overall  spread  of  damage  and  amount  of  neuronal  loss.  Earlier  studies 
examining  hormonal  effects  on  KA  induced  brain  damage  are  mixed.  In  intact  females,  injection 
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of  KA  on  proestrus  (when  estrogen  levels  are  maximal)  still  produced  substantial  brain  damage 
(1).  However,  in  that  same  study,  animals  that  were  ovariectomized  and  replaced  with  estrogen 
but  not  progesterone  showed  protection  from  damage,  provided  the  steroid  was  administered  2 
days  prior  to  onset  of  seizures.  Subcutaneous  injections  of  0.2  jig  estrogen  administered  48  and 
24  hr  prior  to  KA  reduced  hippocampal  brain  damage  (80),  as  did  supraphysiological  doses  of 
estrogen  (150  jig/rat)  administered  before  or  along  with  KA  (2, 3).  It  would  appear  from  these 
studies  that  reduction  in  damage  from  KA  seizures  by  estrogen  administration  may  not  be  strictly 
dose  dependent,  but  fluctuating  hormone  levels  after  steroid  injection  make  that  conclusion 
tenuous.  Our  data  demonstrate  more  clearly  that  maintained  doses  of  E  in  either  the 
physiological  range  or  supraphysiological  range  protect  neurons  from  damage. 

How  E  protected  the  hippocampus  from  damage  is  not  immediately  clear,  initially  it  was 
thought  that  KA  cell  death  was  exclusively  necrotic  and  there  would  be  little  basis  for  E 
interfering  in  that  process.  More  recent  studies  demonstrate  that  delayed  cell  death  accompanied 
by  DNA  laddering  (normally  associated  with  apoptosis)  after  KA  induced  seizures  (28,  50, 51, 
53,  67, 68,  81).  The  pro-apoptotie  molecule  Bax  is  up-regulated  following  KA  seizures  and 
concomitantly  the  pro-survival  molecule  Bcl-2  is  down-regulated  (31),  In  a  variety  of  models  of 
neuronal  injury  estrogen  up-regulates  expression  of  Bct-2  (18, 20, 38, 66,  70,  72)  and,  if  acting 
similarly  in  our  studies,  this  mechanism  could  explain  E’s  protective  effects.  There  are  also 
studies  suggesting  that  anti-oxidant  effects  seen  with  high  doses  of  estrogen  protect  neurons  from 
cell  death  (5, 9-11,  19, 22, 32-35, 46, 49).  While  our  data  indicate  that  the  pellets  we  used 
generated  plasma  levels  of  estrogens  high  enough  to  produce  antioxidant  effects,  the  high 
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progesterone  levels  in  our  animals  should  also  have  been  antioxidant  (32)  but  did  nothing  to 
protect  the  animals  from  seizures  or  their  damage. 

In  summary,  our  data  indicate  that  low  but  not  high  doses  of  progesterone  reduce  seizures 
and  in  so  doing  reduce  damage  to  the  hippocampus.  Estrogen,  on  the  other  hand,  at  either 
physiological  or  supraphysiologieal  levels,  reduces  brain  damage  from  seizures  but  has  little 
effect  on  seizure  severity.  It  will  be  important  to  determine  the  mechanism  whereby  each  of  the 
steroids  produces  influences  seizure  activity  and  the  ensuing  brain  damage.  These  results  also 
raise  the  question  of  whether  combinations  of  both  steroids  might  prove  even  more  advantageous 
than  treatment  with  only  one:  with  P  potentially  suppressing  seizure  activity  but  should  some 
seizures  still  persist,  E  would  then  reduce  the  potential  for  brain  damage. 

Supported  by  DAMD 1799- 1-9483. 
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Figure  Legends 

Figure  1.  (A),  Plasma  Levels  of  Progesterone  (P),  Each  bar  represents  the  mean  ±  S.E.M,  for 
plasma  levels  of  P  in  ng/ml  for  animals  that  were  ovariectomized  and  received  either 
blank  capsules  (pooling  animals  that  later  were  administered  saline  with  animals  that 
received  KA)  or  1,2,4,  or  6  capsules  containing  P. 

(B).  Plasma  |3-  estradiol  (E)  levels  (mean  ±  S.E.M)  in  pg/ml  for  ovariectomized  animals 
implanted  with  estradiol  pellets  containing  either  0,5  mg/21  day  release,  or  0.1  mg/21  day 
release.  Ovariectomized  animals  had  E  values  below  detection  in  the  assay. 

Figure  2.  (A)  Effects  of  Hormone  Treatment  on  KA- induced  Seizures.  Animals  fitted  with  1  or 
2-4  P  implants  showed  significantly  lower  seizure  scores  (*p=0.05)  than  animals  treated 
with  KA  that  received  no  hormone  treatment  (B+KA),  In  contrast,  animals  that  received 
6  P  pellets  did  not  show  suppression  of  KA  seizures  nor  did  animals  fitted  with  E  pellets. 
Values  represent  the  mean  ±  S.E.M. 

(B).  Comparison  of  plasma  P  levels  in  animals  which  displayed  either  severe  (score  > 

2.0)  or  mild  (score  =  2.0)  seizures.  P  implanted  animals  with  severe  seizures  had 
significantly  higher  plasma  P  levels  than  P  treated  animals  that  had  mild  seizures 

(p<0.02). 

Figure  3.  Effects  of  Hormonal  Treatment  on  the  Spread  of  Damage  to  the  Hippocampal 

Formation  after  KA  treatment.  Values  represent  the  number  of  hippocampal  formation 
regions  (mean  ±  S.E.M.)  showing  neuronal  injury  after  KA  treatment.  P  did  not  produce 
significant  dose-dependent  effects  on  spread  of  damage.  Both  low  and  high  E  treatment 
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produced  a  significant  reduction  (*p—  0.05)  in  the  number  of  regions  showing  neuronal 
damage  after  KA  treatment  despite  the  failure  of  the  steroid  to  reduce  seizure  severity. 

Figure  4.  Hippocampal  Neuron  Patterns.  Micrographs  of  the  Hippocampus  from  (A)  control 
saline  treated  ovariectomized  rat  with  blank  capsules  shows  the  CA1,  CA2,  CA3,  hilus 
and  dentate  gyrus.  (B)  Blank  +  KA  rat  displaying  a  seizure  score  of  3.5  has  marked 
neuronal  losses  in  CA1,  CAS  and  the  hilus  (P).  This  same  animal  also  possessed  damage 
to  the  entorhinal  cortex  (not  shown).  (C)  P  +  KA  treated  rat  with  a  seizure  score  of  1 .5 
shows  only  slight  neuron  loss  in  the  hilus;  all  other  regions  are  normal.  (D)  P  +  KA 
treated  rat  with  a  seizure  score  of  2.5  shows  clear  evidence  of  hilar  neuronal  loss  (P);  (E) 
P  +  KA  treated  rat  with  a  seizure  score  of  3.5  had  damage  to  the  hippocampal  CA  fields 
(P)  that  are  quite  similar  to  those  in  the  blank  +  KA  rats.  (F)  E-treated  rat  with  a  seizure 
score  of  1.5  shows  little  or  no  hippocampal  damage;  (G)  E  treated  rat  with  a  seizure  score 
of  3.5  also  shows  little  evidence  of  neuronal  loss. 

Figure  5.  Correlation  of  seizure  score  and  spread  of  damage  in  KA  treated  ovariectomized  rats 
with  A)  blank  implants;  B)  progesterone,  or  C)  estrogen  replacement.  The  spread  of 
damage  was  significantly  correlated  with  seizure  scores  in  animals  with  blank  (p<0.02) 
and  P  (p<0001)  implants  but  in  E-treated  rats  this  relationship  was  lost  (p>0.05).  Thus, 
despite  increased  seizures,  damage  to  the  hippocampus  did  not  spread  to  many  areas  after 
E  replacement. 


16 


Figure  6.  Effects  of  Estrogen  or  Progesterone  on  Spread  of  Damage  from  KA  in  Animals 

Exhibiting  Mild  (behavioral  score  =  2)  or  Severe  (behavioral  score  >2)  Seizures.  Animals 
treated  with  E  that  displayed  severe  seizures  showed  significantly  fewer  regions  of 
neuronal  damage  after  KA  than  either  severely  affected  animals  that  did  not  receive 
hormone  replacement(*p<0.005)  or  received  P  treatment(#p<0,01).  The  spread  of 
damage  in  these  E-treated  rats  was  no  different  from  that  seen  in  animals  that  had  only 
mild  seizures.  The  spread  of  damage  in  severely  affected  rats  that  were  treated  with  P  was 
no  different  from  that  seen  in  severely  affected  KA  treated  control  animals  (Blank, 
Severe). 

Figure  7.  Effects  of  Estrogen  or  Progesterone  on  Neuron  Loss  in  KA-treated  Animals  Exhibiting 
Mild  (behavioral  scores  =  2)  or  Severe  (behavioral  scores  >2)  Seizures.  Ovariectomized 
animals  that  received  blank  capsules  and  showed  severe  seizures  after  KA  had  significant 
loss  of  NeuN  immunoreactivity  compared  with  control  rats  (*p<0.005).  Losses  of  NeuN 
immunoreactivity  in  P-treated  rats  were  significantly  different  from  control  rats  only 
when  seizures  where  severe  (*p<0.005).  Thus  P  treated  animals  with  high  seizures  had 
significant  more  neuron  losses  than  P  treated  rats  with  mild  seizures  (#p<0.001).  In 
contrast,  E  treated  rats  with  either  severe  or  mild  seizures  showed  no  significant 
differences  in  NeuN  immunoreactivity  (NeuN  area/CA  length)  compared  with  controls. 

Figure  8.  Correlation  of  seizure  severity  and  NeuN  immunoreactivity  in  KA  treated 

ovariectomized  rats  with  A)  blank  implants,  B)  progesterone,  or  C)  estrogen  replacement. 
The  NeuN  immunoreactivity  was  negatively  correlated  with  seizure  scores  in  KA  treated 
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animals  with  blank  (p<0.02)  and  P  (p<.005)  implants.  In  E-treated  rats  this  relationship 
was  lost  (p>0.05)  owing  to  the  fact  that  even  when  seizures  were  severe,  neuron  losses 
were  reduced. 
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ABSTRACT 


To  investigate  the  molecular  basis  of  regulation  of  mitochondrial  gene  expression,  we 
have  been  studying  the  role  of  mitochondrial  RNase(s)  on  the  stability  of  mitochondrial 
DNA  (mtDNA)-encoded  mRNAs  (mt-mRNA).  We  report  that  in  cells  in  devoid  of 
interferon-regulated  RNase,  RNase-L,  the  half-life  of  mt-mRNAs  was  stabilized.  In 
RNase-L  ~/+  cells  the  average  half-life  of  mt-mRNA,  determined  after  termination  of 
transcription  with  actinomycin  D,  was  found  to  be  3h,  whereas  in  RNase-L  'A  cells  the 
half-life  of  mt-mRNA  were  >6h.  In  contrast,  the  stability  of  nuclear  DNA-encoded  p- 
actin  mRNA  was  unaffected.  Steady  state  levels  of  mtDNA-encoded  12  S  rRNA  and  p- 
actin  mRNA  remained  constant,  whereas  there  was  an  increase  in  mt-mRNA  levels  in 
RNase-L ''  cells  compared  to  RNase-L  +/+  cells.  Induction  of  expression  of  RNase-L  in 
mouse  fibroblasts  also  decreased  the  half-life  of  mt-mRNA  from  3h  to  1.5h,  We 
conclude  that  RNase-L  cause  (i)  a  decrease  in  the  steady-state  levels  of  mt-mRNA,  and 
(ii)  a  selective  decrease  in  the  half-life  of  mt-mRNA.  Our  results  demonstrate  a  role  for 
RNase-L  in  regulating  the  stability  of  mitochondrial  DNA-encoded  mRNAs. 
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INTRODUCTION 


Mitochondrial  oxidative  phosphorylation  system  (OXPHOS),  responsible  for  the 
generation  of  ATP,  consists  of  five  multi-subunit  enzyme  complexes  l.  Four  of  these 
OXPHOS  complexes  are  bipartite  in  nature  consisting  of  subunits  derived  from  both 
mitochondrial  DNA  (mtDNA)  and  nuclear  DNA  (nDNA)  !:2.  Mitochondrial  DNA 
encodes  13  polypeptides,  all  of  which  are  necessary  for  electron  transport  and  oxidative 
phosphorylation.  The  large  number  of  remaining  subunits  is  specified  by  the  nuclear 
genome.  To  form  active  enzyme  complexes,  both  mtDNA  and  nDNA-encoded  subunits 
are  required  Thus,  although  mitochondrial  gene  expression  is  a  major  component  in  the 
regulation  of  energy  metabolism  of  the  cell,  the  contribution  of  transcriptional  and 
posttranscriptional  mechanisms  to  the  overall  regulation  of  mitochondrial  gene 
expression  is  not  known 3. 

Several  condition  that  increase  cellular  energy  demand  are  known  to  increase 
mitochondrial  transcription  4‘6.  The  intracellular  signals  that  mediate  such  an  increase  in 
transcription  was  analyzed  using  in  organella  method,  and  it  was  shown  that  high 
intramitochondrial  ATP  levels  suppress  transcription  of  mtDNA,  explaining  how  energy 
demand  can  regulate  mtDNA  transcription 7'10.  Apart  from  transcriptional  control,  the 
primary  regulation  of  mitochondrial  gene  expression  is  based  on  differences  in  RNA 
stability  11 . 

While  attempting  to  study  the  mechanism  by  which  energy  demand  regulates 
mitochondrial  mRNA  (mt-mRNA)  levels  in  mammalian  cells,  we  recently  observed  a 
surprising  phenomena  that  we  believed  may  reflect  a  post-transcriptional  response  to 
mitochondrial  stress  12,  PC  12  cells  were  treated  with  a  sodium  ionophore,  monensin, 
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which  increased  cellular  energy  consumption  but  decreased  the  steady-state  levels  of  mt- 
mRNA  by  50%  within  3-4h.  Removal  of  the  drugs  restored  the  normal  levels  of  COX  III 
mRNA.  Determination  of  half-lives  of  COX  III  mRNA,  12S  rRNA  and  (3-actin  mRNA 
revealed  a  selective  decrease  in  the  half-life  of  COX  III  mRNA  from  3.3h  in  control  cells 
to  Ih  in  monensin-treated  cells.  These  results  suggest  the  existence  of  a  mechanism  of 
posttranscriptional  regulation  of  mitochondrial  gene  expression.  However,  the  RNase(s) 
responsible  for  the  accelerated  degradation  was  unknown.  Most  recently,  it  was  shown 
that  an  interferon-regulated  RNase,  called  RNase  L,  mediate  the  degradation  of  a  number 

of  mitochondrial  mRNAs  in  response  to  interferon  (IFN)  a  treatment  in  human  H9  cells 

1 

.  The  degradation  of  mt-mRNA  by  RNase  L  and  associated  mitochondrial  dysfunction 
is  proposed  to  be  part  of  the  antiproliferative  effect  of  IFN 13;14, 

To  investigate  the  hypothesis  that  RNase  L  may  regulate  mitochondrial  gene 
expression  by  its  effect  on  the  stability  of  mt-mRNA,  we  have  measured  the  stability  and 
steady  state  levels  of  mt-mRNA  and  control  P-actin  mRNA  in  mouse  embryo  fibroblasts 
(MEF)  that  contain  RNase  L  (RNase  L  +/+),  in  MEF  cells  that  are  devoid  of  RNase  L 
(RNase  L  "/')>  mouse  3T3  cells  that  were  transfected  with  inducible  RNase  L.  Our  results 
indicate  that  the  steady  state  levels  and  the  half-life  of  mt-mRNA  were  increased  in 
RNase  L "/'  cells  and  the  half-life  of  mt-mRNA  were  decreased  in  RNase  L  induced  cells, 
suggesting  a  role  for  RNase  L  in  mt-mRNA  stability  in  mammalian  cells  under  normal 
cell  culture  condition. 
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EXPERIMENTAL  PROCEDURES 


Cell  cultures  were  maintained  in  a  humidified  atmosphere  of  5%  CO2, 95%  balanced  air 
at  37  °C,  Cells  were  cultured  in  the  following  growth  media:  RNase-L  +/+  and  _/‘  mouse 
embryo  fibroblasts  (1S;  generously  supplied  by  Robert  H.  Silverman,  The  Cleveland 
Clinic  Foundation)  were  maintained  in  Dulbecco's  modified  Eagle's  medium  (DMEM) 
with  10%  fetal  calf  serum  and  1%  antibiotic/antimycotic.  Construction  of  inducible 
RNase  L-stable  transfectants  into  NIH  3T3  cells  has  been  described 16.  The  cells  were 
maintained  in  DMEM  with  10%  fetal  calf  serum,  1%  antibiotic/antimycotic,  50  jig/ml 
hygromycin  and  500  jig/ml  G41 8.  Expression  of  RNase  L  was  induced  by  the  addition 
of  3M  isopropyl  (3-d-thiogalactopyranoside  (IPTG)  for  a  period  of  16h. 

Cells  were  grown  in  60x15  mm  dishes.  Cells  were  washed  with  Dulbecco's 
Phosphate  Buffered  Saline  (DPBS)  without  calcium  and  magnesium  and  total  RNA  was 
isolated  using  Quiagen  RNA  isolation  kit  (Qiagen,  USA).  Total  RNA  was  subjected  to 
northern  blot  analysis  as  described  below.  The  stability  of  mtDNA-  and  nDNA-encoded 
transcripts  was  determined  by  adding  the  transcriptional  inhibitor  actinomycin  D  to  the 
cultures  at  a  final  concentration  of  5  (tg/ml.  Total  RNA  was  isolated  at  various  times  over 
a  8-hour  period  and  processed  for  northern  blot  analysis. 

Two  |ig  of  total  RNA  was  run  on  a  1.2%  formaldehyde  agarose  gel  and 
transferred  on  to  a  GeneScreen  Plus  membrane  as  described  by  the  manufacturer 
(Dupont,  New  England  Nuclear,  MA,  USA).  Prehybridization  and  hybridization  were 
done  with  Hybridizol  reagent  (Hybridizol  I  and  II  mixed  4  to  1  ratio,  Oncor,  MD,  USA), 

The  blots  were  prehybridized  at  42°C  for  16  h,  then  [32p] -labeled  cytochrome  oxidase 

subunit  III  (COX  III)  probe  was  added  and  hybridized  for  48  h  at  42°C  i7.  The  blots  were 
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washed  with  increasing  stringency  and  the  final  wash  was  performed  at  65°C  with  0.2  X 
SSC  (1  X  SSC  =  150  mM  sodium  chloride  and  1 5  mM  sodium  citrate)  and  1%  SDS 
(sodium  dodecylsulfate.  The  blots  were  exposed  to  X-ray  film  (Bio-max  MS,  Kodak, 
NY,  USA)  with  an  intensifying  screen  for  45  min  to  2  days  at  -70°C.  Probe  was  removed 
from  the  blots  by  placing  them  in  boiling  DEPC-treated  water  for  10  min.  The  blots  were 

then  rehybridized  with  a  [32p]  labeled  control  P-actin  probe  as  described  above.  Finally 
the  blots  were  hybridized  with  12S  rRNA  probe.  The  level  of  RNA  hybridized  was 
quantified  using  an  image  analysis  program  (NIH  image  1 .57  program  written  by  Wayne 
Rasband,  NIH).  To  maintain  measured  intensities  within  the  linear  range,  the  blots 
hybridized  with  different  probes  were  exposed  for  different  periods.  The  level  of  RNA 
was  quantified  from  autoradiograms  of  lower  exposure  than  was  used  for  photography. 
Ratios  of  COX  III  mRNA  to  P-actin  mRNA,  12S  rRNA  to  p-actin  mRNA  were 
calculated  l7. 

Blots  were  hybridized  with  probes  that  detect  simultaneously  several  mt-mRNAs. 
The  probes  were  created  by  amplification  of  nucleotides  (nt)  3351 — 7570  of  mtDNA 
(probe  1)  or  nt  8861-14549  of  mtDNA  (probe  2).  Probe  1  hybridize  toND  1  and  2  and 
COX  1  and  II  mRNAs  and  Probe  2  hybridize  to  COX  III,  cyt  b,  ND4&4L,  and  ND5 
mRNAs.  The  probe  was  radiolabeled  by  the  random  primer  method  and  hybridized  to 
the  blots.  The  blots  were  then  reprobed  with  nuclear  DNA  (nDNA)-encoded  P-actin,  Cell 
viability  was  measured  by  trypan  blue  exclusion. 

The  determination  of  the  half-life  ofmt-mRNA  was  done  as  follows.  Two  pig  of 
total  RNA  from  cells  treated  with  either  vehicle  or  monensin  in  the  presence  of 
actinomycin  D  was  subjected  to  northern  blot  analysis.  The  blots  were  hybridized  with 
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mtDNA  (probe  2)  and  |3-aetin  probes  as  described  and  the  levels  of  respective  RNA 
species  were  quantified.  Levels  of  mt-mRNA  were  calculated  as  the  ratio  of  the 
respective  species  to  the  level  of  (3-actin  mRNA.  At  each  experimental  time,  the  RNA 
ratios  are  expressed  as  a  percentage  of  the  ratio  at  time  zero.  The  half-lives  were 
determined  from  the  equation  tj a  =  0.301/slope  of  the  best  fit  line  (logic  remaining  RNA 
versus  time). 

The  results  presented  are  representative  of  at  least  three  to  five  independent 
experiments.  Where  indicated,  statistical  analysis  was  carried  out  using  a  one  way 
analysis  of  variance  (ANO  VA)  followed  by  Tukey’s  test  for  multiple  comparisons.  The 
differences  were  considered  significant  when  P  <  0.05. 
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RESULTS  AND  DISCUSSION 


Absence  of  RNase  L  Increases  All  Mitochondrial  mRNA  Levels 

Recently,  it  has  been  shown  that  RNase  L  activity  regulates  the  stability  of  mitochondrial 
mRNA  (mt-mRNA)  in  interferon  treated  human  H9  cells  13.  To  determine  whether  the 
presence  or  absence  of  RNase  L  would  alter  the  stability  and  thereby  the  steady-state 
levels  of  mt-mRNA  under  normal  conditions,  mouse  embryo  fibroblasts  that  express 
RNase  L  (RNase  L  +  +)  and  mouse  embryo  fibroblasts  that  are  devoid  of  RNase  L  (RNase 
L _/')  were  maintained  in  culture,  total  RNA  was  isolated  and  2  fig  aliquots  were  subjected 
to  Northern  blot  analysis  as  described  under  “Experimental  Procedures”.  Blots  were 
stained  with  methylene  blue  to  confirm  equal  loadings  and  transfer  between  lanes  (data 
not  shown).  Blots  of  RNase  L  ~l+  and cells  were  probed  with  mtDNA  probes  that 
recognize  simultaneously  a  number  of  mtDNA-eneoded  mRNAs  (probes  1  and  2),  as 
well  as  control  probes  for  P-actin,  and  relative  levels  were  quantified.  As  illustrated  in 
Figure  1,  in  RNase  L '''  cells  compared  to  RNase  L  +h  cells,  the  levels  of  mRNA  species 
derived  from  both  the  light  and  heavy  strand  of  mtDNA  were  increased,  ranging  from 
2.8-fold  (ND4&4L)  to  3.6-fold  (COX  II).  In  contrast,  levels  of  nDNA-encoded  P-actin 
mRNA  showed  a  1 . 5-fold  increase  in  RNase  L  ‘  ‘  cells  compared  to  RNase  L  +/+  cells. 
Calculation  of  the  ratio  of  mt-mRNA  to  P-actin  mRNA  showed  1 .6-fold  higher  levels  of 
steady  state  mt-mRNA  in  RNase  L '/_  cells  compared  to  RNase  L  +/+  cells. 

Previous  studies  demonstrate  that  RNase-L  function  in  the  antiviral  and  growth 
inhibitory  effects  of  interferon  (IFN)  and  in  apoptosis  independent  of  IFN  ,5:18;19.  The 
antiviral  effects  of  the  IFN-induced  RNase  L  system  appear  to  be  mediated  through  the 
preferential  degradation  of  viral  RNAs 20;21,  whereas  the  antiproliferative/pro-apoptotic 
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effects  of  RNase-L  are  thought  to  occur  through  the  degradation  of  cellular  mRNAs. 
Though  not  all  the  cellular  RNA  substrates  for  RNase  L  have  been  identified,  the  better- 
characterized  cellular  substrates  in  IFN-treated  cells  are  18S  and  28S  rRNA  22 .  The 
degradation  of  rRNAs  contributes  to  the  inhibition  of  protein  synthesis  that  occurs  in 
IFN-treated  cells  23.  The  antiproliferative  effect  of  RNase  L  in  IFN-treated  cells  was 
proposed  to  be  mediated  through  its  effect  on  mitochondrial  function  14  and  on  mt-mRNA 
13 .  Our  results  extend  these  results  to  suggest  RNase  L  may  regulate  the  levels  of  mt- 
mRNA  even  under  normal  conditions. 

Absence  of  RNase  L  Increases  the  Stability  of Mitochondrial  mRNA 
We  tested  whether  the  increase  in  the  steady  state  levels  of  mt-mRNA  is  due  to  altered 
stability  by  determining  the  half-life  of  mt-mRNA.  Actinomycin  D  has  been  previously 
shown  to  inhibit  cellular  transcription  in  RNase  L  +/+  and '/‘  cells  by  greater  than  90%  24. 
To  estimate  mRNA  half-lives,  actinomycin  D  was  added  to  RNase  L  +/+  and  RNase  L ''' 
cells  and  total  RNA  was  isolated  at  time  points  over  a  8-h-period.  Cell  viability  was  not 
compromised.  The  yield  of  total  RNA  decreased  slightly  after  inhibition  of  transcription 
although  no  substantial  differences  was  detected.  The  autoradiographs  of  RNA  probed 
with  mtDNA  probe  2  and  P-actin  in  RNase  L  ^/+  and '''  cells  are  shown  in  Figure  2A,  the 
semi-log  plot  in  Figure  2B,  and  the  calculated  half-lives  (ti/2)  in  Table  1 .  Clearly 
significantly  higher  levels  of  mt-niRNAs  were  present  in  RNase  L  'A  cells  compared  to 
RNase  L  +/+  cells  and  the  mt-mRNAs  were  found  to  be  significantly  stabilized  in  RNase 
L  '■  cells.  The  mt-mRNA  half-lives,  determined  after  termination  of  transcription  with 
actinomycin  D,  increased  from  3h  in  RNase  L  T'+  cells  to  >6h  in  RNase  L '/‘  cells.  The 
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estimated  half-lives  of  mt-mRNA  (~3h)  are  similar  to  the  results  reported  in  other  cell 
culture  systems 2S;26.  Mitochondrial  RNA  species  are  found  to  be  metabolically  unstable, 
with  half-lives  of  2.5  to  3.5  h  in  HeLa  cells 25  and  2-6  h  in  HepG2  cells 26 .  However,  the 
RNase(s)  that  may  be  responsible  for  the  short  half-life  of  mt-mRNA  have  not  been 
identified.  We  suggest  based  on  the  results  presented  here  together  with  the  reported 
localization  of  RNase  L  to  mitochondria  13  that  RNase  L  may  be  responsible  for  the 
normal  turnover  of  mt-mRNA, 

Induction  of RNase  L  decreases  the  stability  of  mt-mRNA 

To  assess  the  implication  that  RNase  L  may  regulate  the  stability  of  mt-mRNA.,  an  IPTG 
inducible  RNase  L  gene  was  introduced  into  mouse  embryo  fibroblasts.  Expression  of 
RNase  L  was  induced  with  IPTG  (3  mM)  for  16h,  actinomycin  D  was  added  and  total 
RNA  was  isolated  at  time  points  over  a  8-h-period,  The  RNA  samples  were  subjected  to 
Northern  blot  analysis.  The  stability  of  mt-mRNA  was  determined  in  cells  before  and 
after  induction  of  expression  of  RNase  L.  The  northern  blot  results  are  shown  in  Figure 
3A,  the  semi-log  plot  in  Figure  3B,  and  the  calculated  half-lives  (ti/2)  in  Table  2.  Clearly 
significantly  higher  levels  of  mt-mRNAs  were  present  in  non-induced  cells  compared  to 
RNase  L  induced  cells  and  the  mt-mRNAs  were  significantly  less  stabilized  in  RNase  L 
induced  cells,  decreasing  the  estimated  half-life  of  mt-mRNA  from  4h  to  1.5h. 

The  results  of  the  present  study  demonstrate  that  presence  of  RNase  L  compared 
to  RNase  L  knock  out  caused  a  significant  decrease  in  the  steady  state  mtDNA-encoded 
mRNA  level  in  mouse  embryo  fibroblasts.  The  levels  of  nDNA-encoded  encoded  p-actin 
mRNA  was  also  decreased.  But  the  decrease  in  mtDNA-encoded  mRNA  was 
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significantly  higher  than  that  of  p-actin  mRNA  or  of  nDNA-encoded  28S  rRNA. 
Estimation  of  mtDNA  by  dot  blot  analysis  showed  no  significant  differences  between 
RNase  L  +,+  and  '/'  cells.  The  observed  decrease  in  mt-mENA  levels  in  RNase  L  +/+  cells 
appears  to  be  not  due  to  either  loss  of  mitochondria  or  a  general  breakdown  of  RNA.  On 
the  other  hand,  a  similar  reduction  was  observed  in  RNase  L  +/+  cells  with  a  number  of 
mt-DNA-encoded  mRNA.  Thus,  the  effect  of  RNase  L  appears  to  be  not  specific  for  any 
one  particular  mt-mRNA.  This  may  relate  to  the  similarity  in  the  stability  of  all  mtDNA- 
encoded  mENAs.  We  have  observed  a  similar  increase  in  mt-mRNA  levels  in  mouse 
neuroblastoma  cells  that  were  transfected  with  a  dominant  negative  RNase  L  construct. 
Thus,  it  is  likely  that  changes  in  the  steady  state  levels  of  mt-mRNA  are  likely  due  to  the 
activity  of  RNase  L. 

The  result  of  this  study  showed  that  stability  of  mt-mRNA  was  decreased  even  in 
the  absence  of  IFN  treatment.  Interferon  stimulates  genes  (ISGs)  mediate  the  activities  of 
IFNs  in  cells  23.  Among  the  best  characterized  ISGs  are  the  double-stranded  RNA 
(dsRNA)-activated  enzymes  PKR  (protein  kinase  RNA-activated)  and  2’, -5’- 
oligoadenylate  synthetase  (OAS) 27 .  PKR  and  OAS  are  present  at  low  levels  in 
unstimulated  cells,  and  are  transcriptionally  induced  in  response  to  IFN 23.  Activation  of 
PKR  phosphorylates  eukaryotic  initiation  factor  2  a  and  decreases  viral  and  cellular 
protein  synthesis  by  down  regulating  translation.  OAS  catalyze  the  polymerization  of 
ATP  into  2’, 5 '-linked  oligoadenylates  (2-5A)  28.  2-5 A,  in  turn,  binds  with  high  affinity  to 
the  latent  endoribonuclease,  RNase-L,  resulting  in  RNase-L  dimerization  and  activation 
29 .  RNase-L  mediates  the  biologic  activity  of  the  2-5A  system  by  cleaving  single- 
stranded  viral,  cellular  and  ribosomal  RNAs.  2-5A  pathway  activity  is  limited  through 
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the  action  of  a  2 ’phosphodiesterase  and  cellular  phosphatases  that  inactivate  2-5  A,  and  an 
RNase-L  inhibitor,  RLI,  that  associates  with  RNase-L  and  antagonizes  2-5A  binding 28;30. 
We  dot  know  at  present  how  the  activation  of  RNase  L  occurs  in  absence  of  IFN- 
treatment.  Constitutive  expression  and  mitochondrial  localization  of  OAS,  RNase  L  and 
RLI  has  been  demonstrated  u31.  We  speculate  that  mitochondria  being  the  site  of  ATP 
synthesis  and  also  the  substrate  for  OAS  could  in  some  way  contribute  to  the  activation 
of  RNase  L  resulting  in  reduced  stability.  This  may  provide  a  link  between  mitochondrial 
bioenergetics  and  regulation  of  mitochondrial  gene  expression  at  transcriptional  and  post- 
transcriptional  levels. 
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FIGURE  LEGENDS 


Figure  1.  Comparison  of  the  steady  state  levels  of  mRNAs  mitochondrial  proteins  in 
RNase  L  +/+  and  RNase  L  'A  mouse  embryo  fibroblasts.  Total  RNA  was  isolated  from  1 
x  107  RNase  L  ~/+  and  RNase  L  7'  mouse  embryo  fibroblasts  and  2  jig  aliquots  were 
subjected  to  Northern  blot  analysis  as  described  under  “Experimental  Procedures”. 
Hybridization  was  quantified  using  image  analysis  of  autoradiograms.  The  amount  in 
RNase  L  'A  cells  relative  to  RNase  L  +/+  cells  is  shown. 

Figure  2.  Mitochondrial  transcripts  are  stabilized  in  RNase  L '''  cells.  Total  cytosolic 
RNA  was  isolated  from  RNase  L  +  +  and  RNase  L mouse  embryo  fibroblasts  at 
indicated  time  points  after  termination  of  transcription  by  actinomycin  D,  and  2  jig 
aliquots  were  subjected  to  Northern  blot  analysis  as  described  under  “Experimental 
Procedures”.  Hybridization  was  quantified  by  image  analysis  of  autoradiograms.  Semi¬ 
log  plots  of  transcript  remaining  versus  time  is  depicted  in  case  of  P-actin  mRNA. 


Figure  3.  Mitochondrial  transcripts  are  de-stabilized  in  monensin-treated  RNase  L 
induced  mouse  embryo  fibroblasts.  Total  cytosolic  RNA  was  isolated  from  un-induced 
and  RNase  L-induced  mouse  embryo  fibroblasts  at  indicated  time  points  after  addition  of 
actinomycin  D.  Two  2  jig  RNA  aliquots  were  subjected  to  Northern  blot  analysis  as 
described  under  “Experimental  Procedures”.  Hybridization  was  quantified  by  image 
analysis  of  autoradiograms.  Semi-log  plots  of  transcript  remaining  versus  time  in 
monensin  plus  actinomycin  D-treated  cells  are  depicted  in  case  of  p-actin  mRNA 


Table  1.  Estimated  half-lives  for  mitochondrially  coded  transcripts  in  RNase  L  +/+ 
and  RNase  L  "A  cells.  Half-lives  were  calculated  from  semi-log  plots  as  described  under 
“Experimental  Procedures”.  Relative  increase  in  stability  in  RNase  L  cells  is  included. 
Half-lives  are  given  as  the  mean  ±  SEM,  where  appropriate,  with  the  number  of  estimates 
in  parentheses. 


Table  2.  Estimated  half-lives  for  mitochondrially  coded  transcripts  in  non-induced 
and  RNase  L-induced.  Half-lives  were  calculated  from  semi-log  plots  as  described 
under  “Experimental  Procedures”.  Relative  increase  in  stability  in  non-induced  cells  is 
included.  Half-lives  are  given  as  the  mean  ±  SEM,  where  appropriate,  with  the  number  of 
estimates  in  parentheses. 
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